Biophysical Methods to Quantify Cancer Cells and Microengineered Cancer Tissues Properties by Rahmani Eliato, Kiarash (Author) et al.
 
 
 Biophysical Methods to Quantify Cancer Cells and  
 
Microengineered Cancer Tissues Properties 
 
 by 
 
Kiarash Rahmani Eliato 
 
 
 
 
 
A Dissertation Presented in Partial Fulfillment 
of the Requirements for the Degree 
Doctor of Philosophy 
 
 
 
 
 
 
 
 
 
 
 
Approved June 2019 by the 
Graduate Supervisory Committee: 
 
Robert Ros, Chair 
Stuart Lindsay 
Mehdi Nikkhah 
Banu Ozkan 
 
 
 
 
 
 
 
 
 
 
 
 
ARIZONA STATE UNIVERSITY 
 
August 2019
i 
 
ABSTRACT 
 
            Mechanical properties, in particular elasticity, of cancer cells and their 
microenvironment are important in governing cancer cell fate, for example function, 
mobility, adhesion, and invasion. Among all tools to measure the mechanical properties, 
the precision and ease of atomic force microscopy (AFM) to directly apply force—in the 
range of Pico to micronewtons—onto samples—with length scales from nanometers to 
tens of micrometers—has made it a powerful tool to investigate the mechanics of 
materials. AFM is widely used to measure deformability and stiffness of soft biological 
samples. Principally, these samples are indented by the AFM probe and the forces and 
indentation depths are recorded. The generated force-indentation curves are fitted with 
an elastic contact model to quantify the elasticity (e.g. stiffness). AFM is a precise tool; 
however, the results are as accurate as the contact model used to analyze them. A new 
contact model was introduced to analyze force-indentation curves generated by spherical 
AFM probes for deep indentations. The experimental and finite element analysis results 
demonstrated that the new contact model provides more accurate mechanical properties 
throughout the indentation depth up to radius of the indenter, while the Hertz model 
underestimates the mechanical properties. In the classical contact models, it is assumed 
that the sample is vertically homogenous; however, many biological samples—for 
example cells—are heterogeneous. A novel two-layer model was utilized to probe 
Polydimethylsiloxane hydrogel (PDMS) layers on PDMS substrates with stiffness 
mismatch. In this experiment the stiffness of the substrate was deconvoluted from the 
AFM measurements to obtain the stiffness of the layer.  AFM and confocal reflectance 
microscopy were utilized along with a novel 3D microengineered breast cancer tumor 
model to study the crosstalk between cancer tumor and the stromal cells (CAFs) and the 
ECM remodeling caused by their interplay. The results showed that as the cancer cells 
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invade into the extracellular matrix (ECM), they release PDGF ligands which enable 
Cafes to remodel the ECM and this remodeling increased the invasion rate of the cancer 
cells. Next, the effect of the ECM remodeling on anti-cancer drug resistant was 
investigated within the 3D microengineered cancer model. It was demonstrated that the 
combinatory treatment by anti-cancer and-anti-fibrotic drugs enhance the efficiency of 
the cancer treatment. A novel DNA-based 3D hydrogel model with tunable stiffness was 
investigated by AFM. The results showed the hydrogel stiffness can be enhanced by 
adding DNA crosslinkers. In addition, the stiffness was reduced to the control sample 
level by introducing the displacement DNA. Biophysical quantifications along with the in 
vitro microengineered tumor models provide a unique frame work to study cancer in 
more detail. 
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1. INTRODUCTION 
 
            The earliest recorded evidence of cancer dates back to ancient Egypt (1600 B.C.1). 
Since centuries ago, humans have been struggling to find a cure for cancer. Based on the 
National Institute of Health (NIH), in 2018, 1,735,350 new cases of cancer will be 
diagnosed in the USA and 609,640 cases will result in death of the patients. In the last 
decades, the discovery of DNA and X-ray, and the creation of multidisciplinary 
researches (for example, biochemistry and biophysics) have opened new avenues for 
scientists to study cancer. In spite of all the progress in the field of cancer research, we 
are short of a cure for many types of cancer. However, physics provide a complimentary 
point of view for cancer research. Cells for long have been considered as systems consist 
of proteins and with chemical reactions and genetic codes stored in DNA. Physics, 
however, explains cells as complex systems with specific properties arising from their 
subcellular components (that cancer alters them and result in a progressive disease). For 
example, it has been heavily studied in the literature that cancer cells of many types 
possess abnormal mechanical properties which help cancer tumor cells to survive and 
proliferate in the body. Atomic force microscopy (AFM) has emerged as a powerful 
technique to quantify the mechanics of cells13 and their microenvironment72, 121. Recent 
works have focused on studying cells in their native environment (i.e. tissues)31, however, 
due to the complexity of the tissues and lack of control samples, microengineered 
hydrogel-based tissue models are introduced to perform the studies in a controlled 
environment mimicking the features of organ tissues121. This dissertation is an extension 
to the quantitative AFM methods to study mechanics of cancer in three dimensional 
microenvironments fabricated by new novel 3D microengineered tissue models. 
            §3 and §4 are different studies on contact models to enhance the AFM raw data  
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analysis. §3 demonstrates an elastic contact model for indentations up to the radius of 
the probe by spherical indenters. The new model, Expansion model, has been tested with 
homogenous hydrogels as well Finite Element Analysis. In the literature the AFM raw 
data generated by indentations of spherical indenters on samples are fitted to the Hertz 
model. However, The Hertz model is only valid for shallow indentations. At indentation 
deeper than one third of the indenter radius the Hertz model underestimate the elastic 
moduli. The Expansion model application on hydrogels and cells are investigated and 
compared with the Hertz model ones. §4 considers the problem of indentation onto two-
layered elastic samples and provide a frame work to deconvolute the effects of elastic 
substrate from the top layer stiffness. 
            §5 and §6 incorporate a new novel 3D microengineered tissue model to study 
different aspects of cancer tumor invasion in tissues. §5 studies the interplay between 
cancer and stromal cells during the cancer tumor invasion. The extracellular matrix 
(ECM) fibers are imaged by confocal reflectance microscopy and the ECM stiffness is 
measured by AFM. In §6, we utilize our novel 3D microengineered tissue model to study 
the effect of cancer therapies which disable the crosstalk between cancer and stromal 
cells. The results and methods presented in §5 and §6 serve as a key piece of information 
regarding the mechanics of metastatic cancer invasion and can be used as foundation for 
future 3D cell culture studies. 
            §7 presents the results for a new novel 3D DNA-based hydrogel model. AFM was 
utilized to quantify the stiffness of the hydrogels, while complementary and 
displacement DNA strands were used to change the stiffness in a reversible manner. The 
novel 3D DNA-based hydrogel model has various applications for example in the field of 
stem cells. 
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2. BACKGROUND 
 
2.1 Biological Background 
2.1.1 Cells 
            All living units are made up of either of two cell types: prokaryotes or eukaryotes. 
Prokaryotes include bacteria and archaea. Prokaryotic cells lack a defined nucleus and 
are formed as a unit enclosed by their plasma membrane. On the other hand, eukaryotic 
cells contain a well-defined nucleus and a vast number of intercellular components 
called organelles which are enclosed by a plasma membrane. All plants and animals 
consist of eukaryotic cells. These cells have a phospholipid bilayer membrane reinforced 
with protein and polysaccharide molecules. The interior of the cells includes a liquid 
phase called cytosol, a nucleus, and the cytoskeleton2. 
2.1.2 Cytoskeleton 
            The cytoskeleton plays an important role in many cellular processes, for example 
cell migration, cell adhesion, and deformability of the cells2. The cytoskeleton consists of 
three types of filaments: intermediate filaments (IFs), microtubules (MTs), actin 
filaments (AFs). IFs provide mechanical strength. IFs are ropelike fibers with a diameter 
around 10 nm and are made of a large family of proteins. MTs determine the position of 
the other intercellular organelles. MTs have a persistence length of 1-3 mm3,95 and they 
are straight and long objects, comparable to the size of cells, with one end usually 
attached to a centrosome. MTs are long hollow cylinders made of the proteins α and β 
tubulin with an outer diameter around 25 nm96. AFs determine the overall shape of the 
cell and contribute to its locomotion. AFs are two-stranded helical flexible polymers 
consisting of actin protein, with diameter of 5-9 nm. They can be organized to a variety  
of one, two, or three-dimensional networks. AFs are mostly concentrated in the cell  
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cortex beneath the plasma membrane4,5. 
2.1.3 Extracellular Matrix 
            Cells live in three-dimensional microenvironments—tissues—which consist of the 
extracellular matrix (ECM), cells, and vascular spaces. The ECM is made of hundreds of 
different types of proteins which form long fibrils. Glycosaminoglycan polysaccharide 
chains and fibers, such as collagen I and elastin, are the most abundant component of 
the ECM4. The most frequent cells in the ECM are fibroblasts which can produce and 
align the ECM. Glycosaminoglycan (GAG) is made of sugars. Polysaccharide chains are 
stiff and highly hydrophilic; therefore, GAGs occupy a large volume and tend to form 
gels. Collagens are deposited into the ECM in a large amount by the tissue cells. Roughly 
25% of the total protein mass in mammals is collagen. Collagen fibers are stiff (Young’s 
moduli~400 MPa6) and form a triple-stranded helical structure. Elastic fibers in the  
Figure 2.1: Illustration of a cell (Figure adapted from reference 91). 
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ECM mostly consist of elastin which provide the elasticity of the ECM. Fibronectin is a 
class of non-collagen proteins in the ECM which can bind some receptors on the cell 
surface and facilitate adhesion. The assembly of fibronectin fibers can be regulated by 
the cellular tension forces4. 
2.1.4 Cancer 
            Cancer— “the price we pay for having bodies that can repair and renew 
themselves”4—arises from the cell malfunctioning biological processes that regulate 
proliferation and homeostasis4. The causes of cancer can be mutagens, which change the 
nucleotide sequence of DNA—for example, radioactivity and tobacco smoke—, or 
spontaneous mutations due to the limitations on the accuracy of DNA replication and 
repair. Natural selection prefers cells with mutations which enhance their proliferation 
over cells without it. Therefore, over time some of cells with enhanced proliferation 
mutations may survive and accumulate all the mutations necessary to develop cancer4. 
Hanahan et al. identified ten essential cell abnormalities known to develop cancer. 
Commonly referred to as “the hallmarks of cancer”7,8, they are: 
1. “Self-sufficiency in growth signals”: unlike the normal cell, a cancer cell does not 
need a mutagenic growth signal from its neighboring cells and the ECM to 
activate the proliferation state. For example, a mutation in the Ras gene can  
Figure 2.2: Hallmarks of cancer (Figure adopted from reference 92). 
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stimulate the cell to release intracellular proliferation signals. 
2. “Insensitivity to antigrowth signals”: in order to maintain tissue integrity and 
homeostasis, multiple antigrowth signals or tumor suppressors operate in 
different ways to limit the cell growth. Main tumor suppressors are RB and TP53 
proteins. In vitro studies show that once normal cell population in 2D increases 
enough, the dense cell culture itself through cell-to-cell contacts suppress cell 
proliferation. However, such a process is not active in cancer cell cultures.    
3. “Evading apoptosis”: apoptosis activation mechanisms consist of intrinsic and 
extrinsic pathways. The intrinsic pathways are trigged by the intercellular 
stresses and extrinsic pathway are triggered by ECM death-induced signals. 
Cancer cells have to overcome the cell program death. For example, in 
approximately 50% of human cancer cases cancer cells lack a mutation in the p53 
gene, which disable them to stop dividing or die when their DNA is damaged. 
4. “Limitless replicative potential”: all mammalians cells carry an intrinsic feature 
that they stop multiplication at some point of their life (limited replication 
potential). This process is independent of cell-cell or cell-ECM signaling. It is 
hypothesized that this occurs because the cells do not produce the enzyme 
telomerase and, as a result, the telomerase on their chromosomes become too 
short. Cancer cells, however, reactivate this enzyme production again.  
5. “Sustained angiogenesis”: the cells in an organ do not have control over the 
growth of blood vessels; therefore, their ability to proliferate is limited also by the 
amount of nutrient and oxygen supply they receive. However, during the tumor 
progression the angiogenesis—the process of the tumor-associated 
neovasculature formation—is active and provide the tumor with nutrients. 
Angiogenesis is governed by countervailing factors, many of which are proteins  
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that bind to vascular endothelial cells.  
6. “Tissue invasion and metastasis”: cancer tumor cells eventually invade into their 
local organ tissues. Later they circulate into the system by the blood and 
lymphatic vessels. Circulating cancer cells escape from the vessels into distant 
tissues—cancer cell extravasation—and form micro-tumors at the distant organs. 
The micro-tumors grow to form macro-tumors. This process is called metastasis 
and is responsible for 90% of human cancer deaths. Regulation of metastasis is 
highly complex, and a number of factors can affect it; the epithelial-mesenchymal 
transition (EMT) regulates most steps of invasion and metastasis. Crosstalk 
between stromal cells and cancer cells affect invasion and metastasis. 
7. “Genome instability and mutation”: Cancer cells in order to acquire the previous 
hallmarks need to accumulate a large number of mutants. However, cells possess 
a mechanism—genome maintenance—which enable them to monitor and resolve 
defects in DNA. Cancer cell overcome this barrier by increasing the rate of 
mutation. This purpose is achieved by the cancer cell by interfering in multiple 
components of the DNA-maintenance machinery. DNA maintenance is 
accomplished by “caretaker” genes which are involved in DNA damage detecting 
machinery, the DNA repairing mechanism, and intercepting molecules before 
damaging the DNA. DNA telomere loss, in addition to enabling the cancer cell to 
have infinite proliferation potential, is the main source of genome instability in 
cancer cells.  
8. “Tumor-promoting inflammation”: at the site of neoplastic tissues dense inflated 
areas have been observed. Immune system cells have been identified at relatively 
large to very large densities at the inflated neoplasias. The immune system 
attempts to the destroy tumor; however, in contrary, it enhances tumorigenesis 
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by inducing inflation. Inflation-associated cells release chemicals (for example, 
reactive oxygen species) which increase the speed of mutation.   
9. “Reprogramming energy metabolism”: cells use glucose and oxygen to extract 
energy. In this process, first glucose is converted to pyruvate acid by glycolysis 
process in the cytosol; afterward, pyruvate is converted to carbon dioxide in 
mitochondria. Cancer cells, on the other hand, can reprogram their energy 
production to only glycolysis. The disadvantage of this process is that its 
efficiency is about 18-fold lower than the energy production in the mitochondria. 
The advantage is that glycolysis activates a process which enhance the cancer 
cells ability to proliferate.   
10. “Evading immune destruction”: it is assumed that the immune system constantly 
monitors cells and tissues. The immune system is responsible for recognizing and 
eradicating cancer cells. As a result, cancer cells need to overcome the immune 
system to be able to form macro-tumors. To observe this phenomenon, mice were 
genetically engineered to have a deficiency in some components of their immune 
system. It was observed that immunodeficient mice developed cancer tumors 
more frequently and more rapidly compared to the mice with normal immune 
systems. Cancer cells may overcome the immune system by evading the 
components of the immune system that targets them. 
 
2.2 Cancer Mechanobiology 
2.2.1 Cancer Cells Have Different Mechanical Properties Compared to Normal Cells 
            Cancer cells are typically an order of magnitude softer than normal cells11,12,13,90. 
The study conducted by Lekka et al. on normal human bladder cells (Hu609 and 
HCV29) and cancerous bladder cells (Hu456 and T24 and BC3726) shows that the 
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maximum of a Gaussian fit to the Young’s modulus histogram of cancerous cells (𝐸%&' =0.99 ± 0.47	𝑘𝑃𝑎) is much less than the stiffness of normal cells (𝐸12345 = 12.88 ±4.83	𝑘𝑃𝑎). Measurements were conducted over several different cell cultures of the same 
cell lines by a paraboloidal indenter. The lower stiffness of cancerous cell lines can be 
caused by the loss of actin filaments14. Park et al. studied viscoelasticity changes of the 
lamellipodial actin cytoskeleton of mouse normal fibroblast cells (SV-TV and H-ras) and 
transformed ones (BALB 3T3). They observed that the decrease in elastic modulus is 
correlated with the enhanced motility of the lamellopodium11. Fuhrmann et al.13 used 
combined AFM and confocal laser scanning microscopy (CLSM) to study the stiffness of 
single adherent cells of normal squamous cell line (EPC2), metaplastic (CP-A), and 
dysplastic (CP-D) Barrett's Esophagus cell lines. The highest stiffness was reported at 4.7 
kPa for EPC2, the least stiffness was at 2.6 kPa for CP-D, and the CP-A stiffness was in 
the middle with 3.1 kPa indicating that the cells progress from metaplasia to neoplasia 
they become softer. Moreover, they observed that some force-indentation curves exhibit 
discontinuities which occur more frequently in CP-D cells than CP-A; the lowest 
occurrence is in EPC2. They suggest that the breakthrough events should be more 
frequent in cells with weaker cytoskeletons13. 
            The structural stiffness decrease in metastatic cancer cells is accompanied by an 
increase in their deformability and motility. There have been a number of candidates 
suggested for this process: for example, actin cytoskeleton reorganization, keratin 
reorganization, and nuclear morphology. Actin cytoskeleton structural organization is 
reported to be less dense and contain fewer stress fibers in some cancer cell line15,16. 
Calzado-Martin et al. studied the correlation between cytoskeleton actin organization 
and stiffness of invasive and non-invasive cancerous and healthy breast cells (MDA-MB-
231, MCF-7, and MCF-10A)15. They used AFM to map cell stiffness and 
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immunofluorescence confocal microscopy to investigate the location of actin fibers. The 
stiffness and fluorescence microscopy results show that the actin stress fibers are present 
in apical cell regions and that they are the main contributor to the stiffness of healthy 
cells. However, in malignant breast cells the actin stress fibers are only confined to the 
basal regions; therefore, they do not play a significant role in the overall stiffness of the 
cells15. Suresh et al. studied the single-cell mechanical properties and subcellular 
biochemical structural reorganization to find possible chemomechanical pathways which 
lead to global changes in cell deformability17. They examined the elastic moduli and 
viscous energy dissipation, calculated from the area within the force-displacement loops, 
of epithelial pancreatic cancer cells treated with sphingosylphosphorylcholine (SPC), a 
bioactive lipid that influences cancer metastasis; as well as, lysophosphatidic acid—
which facilitates actin stress fiber formation. Cancer cells treated with SPC showed a 
decrease in the elastic modulus and increase in energy dissipation, whereas elastic 
modulus and dissipation energy of cancer cells treated with lysophosphatidic acid did 
not change significantly. These result show that biochemically induced keratin 
reorganization could have a crucial role in pancreatic cancer cells’ ability to migrate and 
metastasize efficiently17. The main factor limiting the cell migration through ECM with 
small pore size is the nucleus18. However, cancer cells have different nuclear morphology 
then their non-cancerous counterpart. For example, nuclei of cancer cells are larger in 
volume and more irregular in their shape15. These differences between nuclei of cancer 
and normal cells could contribute to the stiffness decrease and motility increase of 
cancer cells. 
            At some point of metastatic cancer progression tumor cells detach from the tumor 
and invade the surrounding primary organ tissue. Metastatic tumor cells spread to body 
from the blood vessels or through the lymph system. Circulating cancer cells in the 
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system reattach to a host organ and form a distant tumor. Cell adhesion in the host 
organ, fluid shear forces, and blood microenvironment conditions can affect the 
metastatic efficiency of the circulatory cancer cells in the host organs.  A study on colon 
carcinoma cell adhesion within the liver microcirculation of rats and their invasion into 
liver parenchyma reveals that disruption of actin filaments increases cell adhesion in 
vivo, while tubulin disruption decreases the cell adhesion. The results show that 
metastatic cell adhesion molecules arising from cytoskeleton disruption and cell stiffness 
regulate the initial adhesive interactions in vivo20. In another study, Whipple et al. 
investigated cytoskeleton rearrangement of detached circulating breast tumor cells. 
Their results indicate that vimentin and detyrosinated microtubules present structural 
support for the micro-tentacles of detached cancer cells which promote metastatic 
efficiency21. 
2.2.2 Cancer Studies in Three-dimensional Extracellular Matrix 
            Cells are held together within tissues by extracellular matrix (ECM). ECM stiffness 
influences and regulates cell motility, differentiation, and growth22,23,24. Studies of 
cancer-associated ECM reveals that the ECM plays crucial roles in tumor behavior. 
Cancer tumor progression is influenced by tissue fibrosis. Bierie el al. showed that tissue 
fibrosis regulates a group of soluble that induce inflammation and stimulate cancer cell 
growth factor and invasion25. Modification and remodeling of physical parameters of the 
tissue’s microenvironment, collagen crosslinking, and ECM stiffness regulate the 
invasion of an oncogene pre-transformed mammary epithelium, even in the absence of 
cellular and soluble tissue. This result indicates that biomechanical properties of the 
ECM influence the cancer behavior —an increase in ECM stiffness and collagen 
deposition cuases an increase in the cancer tumor progression26. An increase in tumor 
ECM stiffness can promote a positive self-sustaining feedback loop between cancer 
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tumor cells and the ECM which promote proliferation phenotype. With higher stiffness, 
the ECM resists cell tensional forces better, therefore it activates integrin formation, 
which promotes cell focal adhesion assembly—this process stimulates the Rho/ROCK 
pathway—which enhance cell contractility; as a result, the ECM will become stiffer27. 
Many factors affecting cancer hallmarks are regulated by biochemical and biophysical 
properties of the ECM28; as a result, cancer studies need to include ECM features. 
Staunton et al.72 proposed a novel technique based on AFM nanoindentation and CLSM 
to quantify mechanical response of soft heterogeneous samples in 3D ECM 
microenvironment. In their work, they used CLSM to identify lateral and vertical 
location of embedded MDA-MB-231 cancer cells as they invaded into collagen I ECM 
and measured collagen I and the embedded cells stiffness using AFM tip. Later they 
decoupled cells stiffness from the bottom layer collagen I substrate stiffness by applying 
a two-layer model. They indicated that as the cancer cells invade into collagen I ECM 
they become stiffer and that the cancer cells on the ECM surface had stiffness similar to 
those measured on glass. Further finite element analysis (FEA) revealed that this 
stiffening is related to phenotypic changes experienced by the cancer cells as they invade 
ECM rather than effects by the support of the surrounding collagen I. The repeated 
measurements on ROCK inhibitor treated MDA-MB-231 breast cancer cells showed that 
their stiffness reduced significantly compared to the untreated cancer cells. This 
evidence confirmed that the ROCK-mediated contractility effects the cancer cells 
stiffening due to the invasion into the ECM 
2.2.3 Hydrogels 
            With the rapid growth of interest in cancer study in three-dimensional ECM, in 
vivo researches become a key factor in cancer study. However, many of such studies 
faced difficulties due to the complexity of such measurements on living tissues29, 31, 32. As 
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a result, tissue microengineering has emerged as a powerful tool to fabricate tissues 
mimicking living organs’ features to study various aspects of cells and tissues such as, 
tissue regeneration98,99, drug delivery and discovery100,101, and cellular and cell-ECM 
interactions102,103,104. There are different approaches to microfabricating 3D tissues, the 
main techniques are photomask-based and micromold-based methods104. In photomask-
based method a two-dimensional pattern is printed onto a transparent layer in a way 
that light can only pass through the transparent sections. Later, the photomask is placed 
on top of polymers that crosslink due to exposure to light. As a result, crosslinking occurs 
only where it is illuminated and thus the desired pattern can be formed104. In 
micromolding method elastomeric polymers such as polydimethylsiloxane (PDMS), 
polyurethanes, polyamines, and Teflon are used as molds. A patterned elastomeric mold 
is placed on solution of crosslinking polymer, and crosslinking is usually achieved by UV 
light illumination or temperature assisted mechanism104. 
2.2.4 Characterization of Cancerous Tissues  
            AFM measurements on cancer-associated ECM indicate that ECM stiffness 
increases as cancer tumor cells invade them29. However, a vast majority of studies on 
mechanical properties of cancer cells show cancer tumor cells are softer that their 
healthy counterpart. Plodinec et al. used AFM nanoindentation microrheology to obtain 
high resolution stiffness maps of human breast cancer biopsies and breast cancer in 
MMTV-PyMT mice31. MMTV-PyMT is the most commonly used model of cancer 
metastasis in which MMTV-LTR (mouse mammary tumor virus—MMTV—long terminal 
repeat—LTR) is used to drive the expression of mammary gland specific polyomavirus 
middle T-antigen, which leads to a rapid development of highly metastatic tumors30. 
AFM ex vivo measurements on normal tissue, and benign and malignant biopsies show 
that healthy biopsies had a stiffness of 1.13 ± 0.78	𝑘𝑃𝑎. The benign biopsies had an 
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increased stiffness of 3.68 ± 1.92	𝑘𝑃𝑎 with a broader histogram spectrum. They suggest 
that the softer data points in the stiffness spectrum of benign tissues (< 2	𝑘𝑃𝑎) represent 
the stiffness of fibroblasts in the stroma. Cancer biopsy stiffness maps exhibit bimodal 
stiffness distribution with two peaks (𝐸<=>?@ = 0.57 ± 0.16	𝑘𝑃𝑎, 𝐸<=>?& = 1.99 ± 0.73𝑘𝑃𝑎) 
and a broader distribution at higher stiffness  (> 2	𝑘𝑃𝑎) which results from the stiffness 
heterogeneity of the cancerous biopsies (𝐸<=>?F = 5.75 ± 1.62	𝑘𝑃𝑎). The softest stiffness 
nanomechanical phenotype at the primary tumor site were found to be closely related to 
the stiffness of metastatic lesions. In addition to matrix stiffening, cancer progression is 
associated with tumor epithelial cells softening31. In another work Ansardamavandi et al. 
studied mechanical properties of human breast cancer tissues categorized by 
pathological observations. The study demonstrated a 50% decrease in the cancer cellular 
regions’ average stiffness compared to the healthy tissues32. 
 
2.3 Cell Mechanical Measurement Techniques 
            Techniques to measure the mechanical properties of cells or biological samples 
can be divided into two categories: active and passive rheology. In active rheology, 
controlled forces are applied on samples and the resulting deformations are precisely 
measured. In passive rheology, the forces and deformations generated by cells are 
measured, most often by optical methods. 
2.3.1 Optical Tweezers 
            The optical tweezers (OT) method is based on optical trap of polarizable 
micrometer sized particles in the center of a highly focused laser beam33. OT needs to be 
calibrated to determine the quantitative trap forces acting on the trap particles as a 
function of the distance from the trap center. There are a number of different methods to 
calibrate OT. A trapped particle can be moved in a medium with known viscosity34. In 
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the thermal noise calibration method, the particle position fluctuations given by the 
Boltzmann distribution is associated to the OT trap stiffness35. In the thermal calibration 
method, knowledge of a solution’s temperature, viscosity, and bead size is required. It is 
possible to apply the OT method by incorporating two counter-propagating laser beams 
which are focused on the same spot36. To perform mechanical measurements the relative 
position of the sample to laser focus need to be changed. The laser focus can be moved 
around by piezo-controlled mirrors or acousto-optical detectors37.38. Ayala et al. used OT 
rheology to investigate the influences of Blebbistatin, Cytochalasin D and Jasplakinolide 
on the cell mechanical properties and concluded that all three types of drugs destabilize 
the acting cytoskeleton. Elastic modulus of the membrane of central nervous system cells 
is studied in Ref. 40. Disadvantage of OT is their limited applied force due to the 
maximum applicable laser power. 
2.3.2 Magnetic Tweezers 
            Similar to OT method, magnetic tweezers (MT) manipulate magnetic particles to 
move and deform samples to study the mechanical properties. The displacement of the 
particles is observed by either video microscopy or single particle tracing. MT can be 
utilized to apply a well define step-force on manipulated particles to study the local 
viscoelasticity by creep function41, 42. Magnetic coils and coil current generators are used 
to provide a magnetic gradient. The magnetic gradient makes the magnetic particles 
attached to the cells to oscillate producing local oscillations on the cells (i.e. oscillatory 
torque). The frequency of torque oscillations can be tuned by the frequency of the 
magnetic oscillation, enabling frequency sweep viscoelasticity measurements.43, 44. MT 
magnetic field amplitude does not have effect on cells, as a result, it is possible to reach 
high forces45, 46. A detailed discussion on MT calibration cab be found in Ref. 47.  
16 
 
2.3.3 Particle Tracing Microrheology 
            Single particle tracking first was introduced by Saxton et al. to study trajectories of 
subcellular proteins and lipids and to compute diffusion coefficients from video 
microscopy48. Particle tracking microrheology (PTM) is a passive microrheology method 
in which the local viscoelasticity is measured by detection of fluctuation of thermally 
exited probe spheres. The shear storage and loss moduli are calculated by frequency 
dependent Stoke-Einstein equation49, 50. In PTM local mechanical properties of 
intercellular components can be directly measured by monitoring the motion trajectories 
of micro fluorescent particles injected into cells51. PTM cell measurements is obtained 
without a direct contact of an external probe to the cell, therefore, it is a suitable method 
to study mechanics of cells encapsulated in 3D ECM52, 53. 
            In a recent study Wu et el. studied the viscoelasticity of MCF-7 breast cancer cells 
by six different methods of mechanical measurements (i.e., AFM, OT, MT, PTM, parallel 
plate microrheology, cell monolayer microrheology) and compared the results. In their 
study elastic and viscous moduli of MCF-7 cells vary by 1000- and 100-fold. Therefore, 
they place measurements methods in three categories. Methods with intermediate 
modulus values (i.e., AFM with a dull probe, MT, parallel plate microrheology), methods 
with high modulus values (cell monolayer microrheology, AFM with a sharp probe), and 
methods with low modulus values (PTM, OT). They suggest that the reason behind 
different results from different method is due to the cell response to the forces as well as 
each method measure different parts of the cells. The parameters that effect the 
mechanical measurements cab be summarized as, level of applied mechanical stress, rate 
of deformation, geometry of the probe, the location of the probe in the cell, ECM 
microenvironment, time scale at which cells are measured, single cell or monolayer cell 
measurement, and adherent cell or floating cell measurements54. 
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2.3.4 Atomic Force Microscopy  
            In 1986, Atomic Force Microscope (AFM) first was proposed by Binnig, Quate and 
Gerber as a combination of the Scanning Tunneling Microscope (STM) and the stylus 
profilometer55. In this form of AFM method Binning et al. incorporated STM to measure 
the motion of cantilever beam. 
            Their main purpose of AFM design was to exploit the sensitivity level of single-
atom surface scanning to investigate both conductors and insulators. In 1992 Radmacher 
et al. studied fundamental aspects of scanning living cells surface by AFM56. In the same 
year, Tao et al. used AFM based nano-indentation to investigate elastic properties of the 
first biological samples, cow tibia57. In the following years AFM emerged as a powerful 
tool to investigate mechanical of soft biological samples with high spatial and force 
precession58, 59, 60.  
            Atomic force microscope applies stress onto a sample via its probe tip and 
measures the force response of the sample. AFM probes consist of a sharp tip with 
desired geometry at the end of a microscopic cantilever which is connected to a small 
silicon or silicon nitride chip. The shape (geometry) of the probe tip and its cantilever 
Figure 2.3: Schematic of AFM probe and force-extension curve. (A) Shows deflection(𝑑), 
contact radius(𝑎), and indentation (𝛿) for a cantilever that moves in Z-direction at the 
base. (B) Shows approach and retraction parts of a typical force-extension curve.  
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flexibility (spring constant) are determined based off of the specific application of AFM. 
Sharp pyramidal probes with tip radii less than 10 nm are used for imaging61; while the 
colloidal probe technique which was introduced by Ducker et al. is mainly used to 
measure the overall mechanical properties of the cells62. 
            Once the AFM probe is in contact with sample the cantilever bends. The distance 
by which AFM cantilever bends is called deflection (𝑑) and it is measured by reflection of 
a laser light from the back of the cantilever and detected by a quadrant photodiode. The 
deflection voltage is the voltage difference between top and bottom photogates (∆𝑉 =𝑉KL< − 𝑉NLKKLO). The intensity on each quadrant is called (deflVolts) and measured in 
volts. When the probe is away from the sample surface the laser spot is located in the 
middle of quadrant photodiodes, as a result each photodiode has the same voltage and 
the total voltage different between the photodiodes is zero. As the cantilever comes in 
contact with a sample it bends with an angle (𝛼), therefore, the laser beam will be 
reflected at a slightly different angle resulting different voltages on each photodetector. 	∆𝑉 is the voltage difference the photodiodes. The bending angle of the cantilever can be 
calibrated in order to be able to translate ∆𝑉 to 𝑑. This is accomplished by pressing the 
probe against a rigid substrate by lowering the fixed end of the probe by (𝑍). 𝑍 is the 
relative distance of the cantilever base reported by the piezoelectric. Since the substrate 
is not deformable 𝑑 = 𝑍. The slope of the deflVolts vs Z position gives the invers optical 
lever sensitivity (InvOLS). 𝑑 = (𝐼𝑛𝑣𝑂𝐿𝑆) × ∆𝑉                                                       (2.1) 
Forces experienced on a cantilever can be expressed as 𝐹 = 𝑘𝑑                                                                   (2.2) 
were 𝑘 is the cantilever spring constant. The cantilever spring constant can be obtained 
by a variety of methods. Cleveland et al. used a method to determine AFM cantilever 
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spring constant by measuring their resonant frequencies before and after adding a small 
end mass. They observed that the spring constant increases with the cube of the 
unloaded resonant frequency64. Sader et al. introduced a method of spring constant 
calibration based on the determination of the unloaded resonant frequency of the 
cantilever and its mass and dimensions65. They improved their work so that their method 
of spring constant calibration only depends on the measurement of the resonant 
frequency and quality factor of the cantilever in air66. Another spring constant 
calibration method which is non-destructive, fast, does not require knowledge of the 
probe dimensions or mass, and is independent of the cantilever coating is thermal noise.  
Hutter et al. suggested that the AFM cantilever can be considered as a harmonic 
oscillator which will fluctuate once it is in equilibrium with its surrounding67. Therefore, 
it will adopt the following Hamiltonian 𝐻 = [\&O + @&𝑚𝜔4&𝑞&                                                         (2.3) 
where 𝑝 and 𝑞 are the momentum and displacement, 𝑚 is the oscillating mass, 𝜔4 is the 
resonant angular frequency of the oscillator. The equipartition theorem says that the 
average value of each quadratic term in Hamiltonian is equal to 𝑘b𝑇 2⁄ . We have  〈@&𝑚𝜔4&𝑑f&〉 = ?h%&                                                            (2.4) 
and 𝜔4& = 𝑘/𝑚 where 𝑘 is the spring constant of the oscillator, and	𝑑f is the oscillation 
amplitude of the cantilever deflection. From there the spring constant can be found from 
the measurements of temperature and the mean-square of the displacement. 𝑘 = ?h%〈jk\〉                                                                   (2.5) 
The surrounding noise sources can be excluded by performing a spectrum density 
analysis of the deflection signal and integrating around the resonant peak67.  However, 
Butt et al. showed that there should be some corrections to this model for rectangular 
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cantilever. First, cantilevers are not perfect simple harmonic oscillator. They consider 
different shapes of cantilever associated with each mode and arrived at 𝑘 = 0.971 ?h%〈jk\〉                                                             (2.6) 
            The optical lever detection adds another source of error. Hutter et. el. work they 
consider cantilever inclination instead of the displacement. With this correction Butt et. 
el. arrived at68  𝑘 = 0.817 ?h%〈jk∗\〉                                                            (2.7) 
where 𝑑f∗ denotes the virtual deflection measured by the optical lever. Corrections for v-
shaped cantilevers are discussed in the work of Stark et al.69. 
            Once cantilever sensitivity and spring constant are calibrated, AFM can be utilized 
to measure force and indentation data acquisitions (Figure 2.3). Force can be computed 
by 𝐹 = 𝑘𝑑 and the indentation is the	𝑍 position minus cantilever deflection 𝑑. 𝛿 = 𝑍 − 𝑑                                                                (2.8) 
            Deflection and 𝑍 position are recorded relatively, therefore we need to subtract 
contact point (𝑑f<, 𝑍f<) from the measured values. 𝛿 = (𝑍 − 𝑍f<) − (𝑑 − 𝑑f<)                                                (2.9) 𝐹 = 𝑘(𝑑 − 𝑑f<)                                                         (2.10) 
            The raw data from an experiment is often presented as a two-dimensional plot of 
force vs Z-piezo movement which shows cantilever approach or retraction (force-
distance plot). The probe-sample contact interaction happens as follow. First, probe 
approaches toward the sample surface with the velocity 𝑉m. At the vicinity of the sample 
surface (few microns), due to the possible long-range attractive or repulsive interactions 
between probe tip and sample surface, probe gets pulled in or out. Once the probe 
touches the surface sample (at the contact point) usually due to dipole-dipole van der 
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Waals interactions the probe jumps into contact and we observe a snap in the force-
distance plot. After contact is reached and as the probe pushes downward into the 
sample the repulsive sample-tip force increases until it reaches the trigger force (the 
maximum force by which AFM is programed to indent the sample). From the contact 
point to the point where the trigger force is met, are called indentation part of the force-
distance curve. Afterward, the probe moves outward. However, usually even after probe 
retracts from the sample to the contact point, it still remains in contact with the sample 
for a few microns due to the adhesion forces. Once the cantilever tip is moved away 
enough, the adhesion force will be overcome which results in a dip in force-distance 
curve. This type of quasi-static force-extension curves along with the known geometry of  
the tip and appropriate theoretical elastic contact model can be utilized to obtain 
stiffness quantifications (Young’s modulus). 
            AFM indenters can be used to study the viscoelasticity of the samples. The 
dynamic AFM indentation is done by applying frequency sweeps. The procedure is 
Figure 2.4: Schematic of AFM probe and geometry function. For any given r geometry 
function gives the surface of probe, where r is the horizontal distance between central 
axis of the tip to the surface of probe. 
 
Figure 2.1: Schematic of AFM probe and geometry function. For any given r geometry 
function gives the surface of probe, where r is the horizontal distance between central 
axis of the tip to the surface of probe. 
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similar to the quasi-static, however, after the indenter meets the trigger force, the probe 
oscillates at different frequencies with known small (~10-50 nm) oscillatory indentation 
amplitudes and measures the force oscillation response of the sample. With the force and 
indentation amplitudes, the phase lag between them can be determined and dynamic 
versions of the appropriated contact model for the probe used to quantify the 
viscoelasticity. 
            The force-indentation behavior of an indenter with given geometry of 𝑓(𝑟) can be 
computed e.g. by a procedure proposed by Sneddon by employing Hankel transforms 
demonstrated that the force and indentation depths can be calculated by solving the 
following equations71:  𝛿 = ∫ qr(s)√@us\@4 𝑑𝑥                                                         (2.11) 		𝐹 = &w>(@ux\) ∫ s\qr(s)√@us\@4 𝑑𝑥																																																						(2.12)	
where 𝑎 is contact radius between probe and sample, and 𝑣 is Poisson’s ratio of sample.  
            Here we study force-indentation Sneddon solution for some common indenter 
geometry. The Hertz model97 uses geometry of a parabola 𝑓1=yKm(𝑟) = 𝑟& 2𝑅⁄ . Therefore, 
we have  
𝑎1=yKm = √𝑅𝛿                                                         (2.13) 
𝐹1=yKm = 'F w(@u{\) √𝑅𝛿F                                                (2.14) 
For a conical indenter (𝑓(𝑟) = 𝑟 cot 𝜃), the Sneddon solutions is: 
𝛿 = @& 𝑎fLf>𝜋 cot 𝜃                                                  (2.15) 
𝐹fLf> = &\   w(@u{\)                                               (2.16) 
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A sphere-conical probe is a cone with spherical radius of 𝑅 at the apex merging together 
with a continuous curvature. The sphere-cone geometry function has the following 
form72: 
𝑏 = 𝑅 cos 𝜃                                                        (2.17) 
𝑓<=y=uL=(𝑟 ≤ 𝑏) = 𝑅 − √𝑅& − 𝑟&                                    (2.18) 
𝑓<=y=uL= = (𝑟 − 𝑏) cot 𝜃 + 𝑅 − √𝑅& − 𝑏&                               (2.19) 
The Sneddon solutions for indentation depth is 72  
𝛿(𝑎 ≤ 𝑏) = @& 𝑎ln >u>                                              (2.20) 
𝛿(𝑎 > 𝑏) = 	𝑎ln  >√\uN\√>\uN\ + 𝑎 cosu@ N> cot 𝜃                      (2.21) 
force-indentation relations are as follow 
𝐹<=yLuL=(𝑎 ≤ 𝑏) = w(@ux\) @& (𝑎& + 𝑅&)ln >u> − 𝑎𝑅                  (2.22) 
𝐹<=yLuL=(𝑎 > 𝑏) = w(@ux\) 𝑎& cot 𝜃 cosu@ N> + 𝑏 cot 𝜃√𝑎& − 𝑏& − 𝑎𝑅 +
		(𝑅& − 𝑏&)(𝑎& − 𝑏&) + 𝑎& ln  >√\uN\√>\uN\ − \& ln >\\uN\u(\uN\)(>\uN\)\N\(>)\ (2.23) 
            For the purpose of viscoelasticity measurements one can assume that the 
indentation has two parts, quasi-static (𝛿4) and dynamic (𝛿)73. As a result of 
indentation oscillatory part, force respond of the sample and contact radii will also have 
quasi-static and dynamic parts (𝐹4, 𝐹, 𝑎4, 𝑎) 
𝛿 = 𝛿4 + 𝛿(𝜔)                                                       (2.24) 
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𝐹 = 𝐹4 + 𝐹(𝜔)                                                       (2.25) 
𝑎 = 𝑎4 + 𝑎(𝜔)                                                       (2.26) 
we have = 2𝜋𝑓 , where 𝑓 is the frequency of oscillations. We assume that the oscillation 
amplitudes are much smaller than the quasi-static values 
| () | ≪ 1                                                          (2.27) 
            One can substitute 𝛿4 + 𝛿(𝜔) and 𝐹4 + 𝐹(𝜔) into Hertz model indentation depth  
relation and keep the terms up to the first order of 𝛿(𝜔) to obtain the complex 
modulus73, 74.  
𝐹1=yKm,4 + 𝐹(𝜔) ≈ ¢£√(@u{\) 𝐸4𝛿4£\ + F& 𝐸∗𝛿4£\𝛿(𝜔)                             (2.28) 
note that the first term on the right side is the quasi-static Hertz model force, therefore 
𝐹(𝜔) ≈ &√(@u{\) 𝐸∗𝛿4£\𝛿(𝜔)                                                (2.29) 
Frequency dependent part of elastic modulus (𝐸∗) can be related to complex modulus 
(𝐺∗) by75 
𝐸∗ = 2(1 + 𝑣)𝐺∗                                                      (2.30) 
we have  
𝐺∗(𝜔) = 𝐺¥(𝜔) + 𝑖𝐺"(𝜔) = @u¨' 	× ©()()                                 (2.31) 
            The real component of the complex modulus is called shear storage modulus (𝐺′) 
and it represents elasticity of the sample. Complex part of 𝐺∗ is called shear loss 
25 
 
modulus (𝐺")  and it shows the viscosity of the sample. If the measurement is carried 
out in liquid the pervious equation needs to be corrected due to the liquid 
hydrodynamic forces applied on cantilever76, 77. The corrected viscoelastic equation will 
be  
𝐺1=yKm∗ (𝜔) = 𝐺¥(𝜔) + 𝑖𝐺"(𝜔) = @u¨' ©()() − 𝑖𝜔𝑏(0)                     (2.32) 
where 𝑏(0) is the hydrodynamic drag force constant at the surface of the sample70,71. 
With the same procedure Alcaraz et al. show that the complex modulus measured by a 
four-sided pyramidal indenter is given by77 
𝐺'«j=ju<¬y>Oj∗ (𝜔) = @u¨FK> ©()() − 𝑖𝜔𝑏(0)                              (2.33) 
And the same result for a conical indenter will be 
𝐺fLf>∗ (𝜔) = @u¨'>,k­®¯k°± ©()() − 𝑖𝜔𝑏(0)                                 (2.34) 
In the previous equations 𝑎4,fLf> is the contact radius for conical indenter calculated 
by using the quasi-static indentation depth. 
One can follow the same procedure to obtain the dynamic contact model for a sphere-
cone indenter from its quasi-static (see APPENDIX B).  
𝐺<=yLufL=∗ (𝜔) = @u¨'>,²³´µ¶­·k­®µ ©()() − 𝑖𝜔𝑏(0)                          (2.35) 
The relation for viscoelasticity measured by sphere-cone probes have the same general 
form as the conical one, however, we need to use the sphere-cone quasi-static contact 
radii given by the following equations. 
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𝛿4(𝑎 ≤ 𝑏) = @& 𝑎ln >u>                                               (2.36) 
𝛿4(𝑎 > 𝑏) = 	𝑎4ln ¸ >√\uN\>\uN\¹ + 𝑎4 cosu@  N> cot 𝜃                      (2.37) 
          The stiffness response of living cells plays a critical role in the fields of cellular 
micro- and mechanobiology. In the above solutions it is assumed that the sample is 
infinite in 𝑥 and 𝑦 directions and semi finite in 𝑧 direction. However, mammalian cells 
have thickness of 2—10 µm94 on a substrate and in a typical AFM experiment probe 
indentions are between 0.2—10 µm. Also, the surface of the sample is assumed to be 
flat and adhesion free with homogenous mechanical properties. The Hertz model uses 
the paraboloid geometry function; however, it has been widely used to analyze force-
indentation curves generated by spherical probes. The result only could be appropriate 
for shallow indentations (𝛿 < F). The problem of finite thickness arises specifically 
during cell AFM measurements. Dimitriadis et al. developed a new analytical thin layer 
correction for spherical probes for small indentations. They studied to conditions of 
samples able to slide on substrate, and samples bounded to the substrate78 
𝐹qy== = 'F w(@u{\) √𝑅𝛿F[1 + 0.884𝜒 + 0.781𝜒& + 0.386𝜒F + 0.0048𝜒']            (2.38) 
𝐹NL2j = 'F w(@u{\) √𝑅𝛿F[1 + 1.133𝜒 + 1.283𝜒& + 0.769𝜒F + 0.0975𝜒']            (2.39) 
where 𝜒 = √𝑅𝛿 ℎ⁄  and ℎ is the sample thickness. The validity of pervious equations is 
confirmed by comparison of their results and numerical results for some systems78. 
Long et al. developed thin-layer Hertz model to the regiment of 𝛿 ℎ⁄ ≤ 𝑚𝑖𝑛(0.6, 𝑅 ℎ⁄ )79.  
Santos et al. used Demitriadis methodology to derive the thin-layer model for conical 
indenters81 
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𝐹qy== = &\   w(@u{\) [1 + 0.2664𝜒 + 1.173𝜒& − 0.98𝜒F + 0.5168𝜒']           (2.40) 
𝐹NL2j = &\   w(@u{\) [1 + 0.6298𝜒 + 0.7236𝜒& + 1.249𝜒F − 0.3556𝜒']         (2.41) 
            The bottom effect artifact proposed by Dimitriadis et al. has some limitation. 
Dimitriadis’ model is only valid for spherical probe and it is difficult to expand its 
method for other types of AFM probes. In addition, it assumes that spherical probes 
obey Hertzian geometry (i.e. parabola)94. Garcia et al. proposed a new AFM force 
measurement model for adherent samples with finite thickness to a solid support. 
Garcia’s theory is general and valid for any axisymmetric tip shape, and force measured 
by AFM probe is given as a function of indentation, contact radius, and sum of terms in 
powers of 1 ℎ⁄  where ℎ is the thickness of sample. In addition to the general theory, 
they derived the force-indentation equations for flat punch, conical, and paraboloid 
probes. The results for spherical probes (paraboloid probes) are as follow94 
𝐹«<=y= = 'F w(@u{\) √𝑅𝛿F[1 + @.@FF√ + @.'5À\ + @.'35√£ + 4.ÀÁÁ\\¢ ]           (2.42) 
            In another work, Garcia et al.93 developed a bottom effect viscoelastic theory to 
study viscoelastic response of thin samples for example a cell. Using the force 
expression for a Kelvin-Voigt and the bottom effect viscoelastic theory they derived 
bottom effect viscoelastic corrections for cylindrical, conical, and spherical probes. The 
results for spherical probes are given by 
                𝐹«<=y=[𝛿(𝑡), 𝑡] = @35 √𝑅𝛿 5& 𝜂Ä𝛿. + 𝐸𝛿 + 1.33 @35 𝑅𝛿[6𝜂Ä𝛿. + 𝐸𝛿] + 𝑂Å£\\Æ              (2.43)            
where 𝛿 and 𝛿. are indentation and time derivative of indentation, 𝑅 is the probe radius, 𝐸, 𝜂Ä, and ℎ are the young’s modulus, coefficient of viscosity, and thickness of the  
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sample93. 
            The cell surface is not exactly flat. If the cells are rounded or probe curvature (for 
example radius) is not negligible compared to the cell height, we need to use the 
effective radius as follow82  
@µÇÇµkÈ¯Éµ = @³¶­Êµ + @ &⁄                                                                            (2.44) 
The first adhesive contact model was proposed by Johnson et al. in 1971. The Johnson-
Kandall-Roberts (JKR) model is an extension of the non-adhesive Hertz contact model 
which includes the short-range interactions and considers that the elastic stress on the 
side of the tip are infinite and neglect the adhesion outside of the area of contact83. 
Derjaguin et al. developed an adhesive contact model (DMT) based on the infinite 
range interactions84. The DMT model assumes that the contact profile of the probe and 
adhesive surface remains the same as in Hertzian contact and the surface adhesion 
energy is treated as a contribution to the normal force. The JKR and DMT models, 
however, have different predictions. The JKR contact radius remains nonzero, while 
DMT contact radius goes to zero at pull off. In addition, the pull off forces predicted by 
JKR and DMT are different83, 84. In a recent study, Abidine et al. proposed a three-layer 
model to study viscoelasticity of two soft layer on top of a semi-finite soft layer86. 
 
2.4 Optical Microscopy  
2.4.1 Confocal Laser Scanning Microscopy 
            Confocal laser scanning microscopy (CLSM) is a powerful tool to investigate living 
and fixed samples. In CLSM laser light is reflected by dichroic mirror and by means of an 
objective is focused on a specific segment called focal plane. The laser excites the part of 
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sample in the focal plane and the fluorescence emitted from the sample moves back 
through the objective and passes the dichroic mirror and a pinhole before the 
photodetector. The pinhole eliminates the majority of out of focal plane emission. The 
emission from the focal plane will be detected by a photodetector, for example a single 
photon avalanche diode or a photomultiplier. Fluorescence filters can be used before the 
photodetector and after the coherent light source to prevent unwanted fluorescence or 
excitation light spectrum to reach the detectors or the focal volume inside the sample, 
and therefore increase the quality of image. It is also possible to use multiple laser 
sources to produce multicolor CLSM images. CLSM images are constructed by scanning 
lines across the samples. Two oscillating mirrors are responsible to move the excitation 
light in x and y direction.  A piezo is responsible for z direction motion of the objective 
which enable CLSM to take stacks of two-dimensional images to construct a three-
dimensional image. With such feature it is possible to take images in y-z and x-z planes 
in addition to x-y plane. The resolution of an optical microscope is defined as the 
shortest distance between two points that can be distinguished by the microscope. The 
axial and lateral CSLM resolution depends on wavelength of light and numerical 
aperture of the microscope objective87, 88, 89. In an ideal confocal microscope 𝑟ËÌÍÎÌË =0.4𝜆 𝑁𝐴⁄  and 𝑟>s> = 1.4𝜆𝑛 𝑁𝐴&⁄  –where 𝜆 is the wavelength, 𝑁𝐴 is the numerical 
aperture, and 𝑛 is the index of refraction of the medium—are the lateral and axial 
resolutions105. However, since light passes through a circular aperture (i.e. objective) the 
diffraction limit is the main source to restrict CLSM from achieving resolution smaller 
than 𝑟ËÌÍÎÌË106. Due to the diffraction of light, CLSM image of an object, for example a 
microsphere, with size smaller than the resolution of microscope will be blurred out to 
point of spread function (PSF). Since CLSM has better lateral resolution than the axial 
one, therefore, its PSF usually has shape of an ellipsoid with the longest axis in the 
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vertical direction. The PSF shape depends on wavelength of the light source, shorter 
wavelength of light result in a smaller PSF. NA of the objective lens effect PSF size and 
shape, higher NA results in smaller PSF107. The resolution of microscope, in terms of 
PSF, means that the microscope can only distinguish two objects from one another if 
they are separated by at least the distance from PSF center to the first destruction 
interference pattern. The lateral and axial resolutions then are calculated by the full 
width at half maximum (FWHM) of the 3D PSF of the small (sub-resolution) sample.  
2.4.2 Confocal Reflectance Microscopy 
            Confocal reflectance microscopy (CRM) is a label free technique. CRM uses the 
same set up as CLSM with low power light source and excluding dichroic mirror and 
light filter before the photodetector. In CRM light passes through an objective to 
illuminate the confocal volume. Incident light is scattered by the sample structure and 
some photons move back the optical path and pass through a pinhole which eliminate 
the out of focal plane light. The back-scattered light from the focal plane is detected by a 
photodetector. Some areas of the sample may be difficult to stain, for example gel 
formation. It is challenging to stain forming fibers of gel to image in real time, however, 
CRM provides relatively simple real time images of forming gel fibers108. CRM also can 
be utilized to complement CLSM by taking CLSM image and switching to CRM mode 
and imaging the same area.  
2.4.3 Super Resolution Microscopy  
            Diffraction limit for microscopy with a NA~1.4 objective and visible light (λ~550 
nm) is around 200 nm, therefore, many biological and subcellular structures are not 
distinguishable to those methods. However, in recent years different techniques of super 
resolution microscopy have emerged to overcome the diffraction limits. Some super 
resolution techniques use the spatial patterned excitation in order to male patterns with 
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smaller scale than diffraction limit can be imaged109,110. Stimulated emission depletion 
microscopy (STED) is a super resolution method which uses a secondary laser (STED 
laser) to suppress the off-center fluorescence emission. An exited state fluorophore 
encounters a photon with energy equal to the energy difference between its excited and 
ground state, as a result, stimulated emission makes the fluorescence to go back to the 
ground state before spontaneous emission occurs. STED laser needs to have zero 
intensity at the center of excitation laser and nonzero intensity at the edge of the 
excitation spectrum. By raising the STED laser intensity all spontaneous fluorescence 
emission can be suppressed which reduce the width of PSF and result in higher 
resolutions111.  Structured illumination microscopy (SIM) is a high-resolution approach 
which enables a patterned illumination field, constructed by interfering two light beams, 
to the sample and multiple images of sample at different phases are taken to construct a 
high resolution image112. The SIM pattern is limited by diffraction therefore resolution 
enhancement is limited. In order to increase SIM resolution saturated illumination 
pattern can be used (SSIM). In SSIM fluorophores are moved to the excited state 
immediately after returning to the ground state113. Image of a single fluorophore have 
precision determined by PSF, however, if an image in made by a large number of 
photons emitted from a single fluorophore the precision is the size of PSF divided by 
square root of number of the photons114. Super resolution fluorescence microscopy using 
single molecule localization can be achieved by using fluorescent probes that can switch 
between bright and dark states. In this method molecules fluorophores within a 
diffraction limited area are activated at different time points and they are imaged 
individually, and the image is constructed by the image of all fluorophores. STORM115, 
PALM116, and FPALM117 are super resolution microscopy by single molecule localization. 
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3. MECHANICAL CONTACT MODEL FOR DEEP INDENTATION BY 
SPHERICAL PROBES 
 
            The work of this chapter is based on the manuscript under preparation: 
“Mechanical Contact Model for Deep Indentation by Spherical Probes” by Kiarash 
Rahmani Eliato, Bryant Lee Doss, Harpinder Saini, Mehdi Nikkhah, and Robert Ros. The 
materials from the mentioned manuscript are used with the authors’ permission. 
Harpinder Saini cultured the MDA-MB-231 cells and prepared the gelatin methacrylate 
(GelMa) samples. The finite element analysis was designed by Bryant Lee Doss and 
performed by Kiarash Rahmani Eliato. Theory was developed by Kiarash Rahmani Eliato 
and Bryant Lee Doss. The experiments were performed by Kiarash Rahmani Eliato. This 
work was supported by the grant “NSF #1510700” awarded to Mehdi Nikkhah and 
Robert Ros. 
 
3.1 Introduction 
            Atomic Force Microscopy (AFM) has been used to study mechanical properties of 
many biological samples such as proteins118, 119, gels104, 120-122, bacteria123, living cells13, 72, 
124, and subcellular components125. In AFM based measurements the probe approaches 
the sample from the top and after making contact either push into or pull away from the 
sample by changing the Z-position of the cantilever while the force and indentation are 
measured. The elastic modulus of the sample is calculated by fitting the force-
indentation (F-δ, Fig. S1) curves with a contact model, for example Hertz model97 for 
parabolic and Sneddon model71 for conical indenters. The problem of vertical 
heterogeneities, e.g. stiff glass substrate or layers with different stiffness, have been 
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studied in the literature93, 94, 157, 163, 220. Mammalian cells consist of a plasma membrane 
and a thin cortical layer consist of actin filaments, actin-binding proteins. The cortical 
layer surrounds the liquid-like cytoplasm126. The liquid-like environment of cytoplasm 
adds viscos properties to the elastic properties of the cells. Hydrogels221, 222, cells60, 74, 223,  
and tissues224, 225 show often elastic as well as viscose properties.  Therefore, mechanical 
quantifications of cell, hydrogel, and tissue samples have to include the viscose 
properties as well as elastic one.  
            The results of mechanical properties measurements of biological samples may 
vary based on the instrument of measurement, rate of the deformation the level of 
applied mechanical stress, the probe geometry, and the location of measurement on the 
sample54. The choice of the measurement instrument and type of the probe is based on 
the location and area of target on the sample, sample microenvironment, and the special 
resolution54. In many AFM based studies spherical probes are used to quantify 
mechanics of cells and biological samples127-130. In these studies, the generated F-δ curves 
were fitted by the Hertz model to quantify the elasticity. However, the Hertz model 
utilized the parabolic probe geometry (Fig. 1B, 𝑟& 2𝑅⁄ , where r is radius coordinate and R 
is indenter radius), therefore, the Hertz model is only valid for shallow indentations 
(a/R<0.1 where a  radius of contact)131. In order to acquire enough indentation depth yet 
not exceed the Hertz model limit where the model is accurate, it is possible to use larger 
spherical indenters. However, larger indenters have lower special resolution. Also, the 
Hertz model derivation is based on the assumption that the sample surface is infinite 
half-plane and adhesion free. Once the size of the cell and indenter are in the same range 
the infinite half-plane approximation would be invalid. The van der Waals forces 
between the probe-sample surface increase with the spherical probe size resulting in 
adhesion-like forces.  
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            Another solution is a modification to the Hertz model to increase the accuracy of 
the model without the need to increase the probe size. While former studies have 
investigated the problem of large deformations by spherical indenters132-134; they all 
utilized the same parabolic geometry as the Hertz model to approximate the geometry of  
sphere. Liu et al. used the first two terms in the Taylor expansion of a sphere geometry 
and Sneddon method to drive more accurate model for spherical indenter problem. 
However, the resulted F-δ has a complicated form and is only valid for indentations up to 
80% of the radius of the probe135. The complicity of their proposed model F-δ relation 
makes it difficult to use for elasticity. In addition, the application for viscoelasticity 
measurements has not been shown. 
            In this work we proposed a new model (Expansion model) based on the two-term 
approximation of sphere geometry which is valid for indentation up to the radius of the 
spherical indenter (R). Further, the dynamic extension of the Expansion model for 
viscoelastic frequency sweep experiments are derived. We evaluated the precision of our 
model by Finite Element Analysis, and experimental Atomic Force Microscopy based 
indentations on polyacrylamide gels and applied the new model to hydrogels and cells. 
 
3.2 Materials and Methods 
3.2.1 Polyacrylamide Sample Preparation 
            Polyacrylamide gel was produced by mixing acrylamide and bis-acrylamide (3% 
acrylamide 0.3% bis-acrylamide). First, 50 mm glass-bottom petri dishes (Fluorodish, 
World Precision Instrument) were plasma cleaned and functionalized with 3-
Aminopropyltriethoxysilane (APTES, Sigma-Aldrich, Cat. no. A3648) and 0.5% (v/v) 
glutaraldehyde (Sigma-Aldrich, Cat. no. G5882). 0.75 mL of 40% (w/v) acrylamide stock 
solution (Bio-Rad Laboratories, Cat. no. 161-0140) and 1.5 mL of 2% (w/v) bis-
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acrylamide stock (Bio-Rad Laboratories, Cat. no. 161-0142) solution were mixed in 7.75 
mL of distilled H2O. Next, 10 µL of Tetramethylethylenediamine (TEMED, Bio-Rad 
Laboratories, Cat. no. 161-800) and 100 µL of 10% (wv) ammonium persulfate (APS, 
Bio-Rad Laboratories, Cat. no. 161-0700) were added and the polymerizing solution was 
vortexed. 30 µL of the gel solution was put onto the glass-bottom petri dish and it was 
covered by a plasma-cleaned coverslip. After 30-45 minutes the coverslip was removed 
and the gel was rinsed twice with DPBS. 2 mL of DPBS was added on top of gel. PA gels 
were stored at room temperature for 24 hours. Before measurements PA gels were rinsed 
twice with 1×Hank’s Balanced Salt Solution (HBSS) containing calcium and magnesium 
and 25 mM HEPES. Finally, 1 mL of HBSS with 25 mM HEPES was add to each PA gel 
as the experiment buffer. All experiments are performed at room temperature136. 
3.2.2 Synthesis of Gelatin Methacrylate (GelMA) 
             GelMA was synthesized as described in references 137 and 138. Briefly, Gelatin 
Type A, obtained from porcine skin, was mixed with Dulbecco’s phosphate buffered 
saline (DPBS) in the ratio of 1:10 and stirred for 1 hour at 50 °c. Methacrylic anhydride 
was then added slowly at a concentration of 0.8 ml/g of gelatin with continuous stirring 
of the solution. The reaction was allowed to proceed for 3 hours and then stopped by 
adding warm PBS to the solution. The mixture was then dialyzed for one week against DI 
water by using 12-14 KDa molecular cut off dialysis tubing. After dialysis, the resultant 
solution was passed through membrane filter of 0.2 µm and stored at -80 °c. The 
solution was lyophilized for one week before experimental measurements. 
3.2.3 GelMA Sample Preparation 
            Micropatterned GelMA constructs were prepared on glass slides coated with 3-
(trimethoxysilyl) propyl methacrylate (TMSPMA; Sigma) to promote the attachment of 
the hydrogel to the substrate for subsequent measurement. Briefly, a solution of 5% 
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GelMA was prepared in 0.5% photoinitiator mixed with PBS at 37°C. A drop of GelMA 
solution was then added on top of a custom-made spacer with thickness of 100 µm and 
covered with TMSPMA glass slide. A photomask with circular geometry of diameter 500 
µm and spacing 750 µm was then put on top of the setup139. The samples were finally 
exposed to ultraviolet (UV) light (800mW, 360-480 nm) for 25 seconds to shape the 
circular constructs. The samples were stored in PBS for subsequent AFM measurement.    
3.2.4 MDA-MB-231 Cell Culture 
            MDA-MB-231 metastatic breast cancer cells were cultured at 37°C and 5% CO2 in 
1×Dulbecco’s Modified Eagle Medium containing 4.5 mg.mL-1 D-glucose and L-
glutamine supplemented with 10% Fetal Bovine Serum. Cell striper was used for cell 
culture. Cells were seeded on top of glass-bottomed dishes 24 hours prior to 
measurements. Cell measurements were performed at 37°C in 1×HBSS with calcium, 
magnesium and 25 mM HEPES. 
3.2.5 Atomic Force Microscopy 
            Measurements were performed with AFM (MFP-3D-BIO, Asylum Research, CA) 
and spherical probes.  Borosilicate glass beads with diameter of 5.4 µm (Thermo 
Sientific, Cat. no. 9005) were attached to tipless silicon AFM cantilevers with nominal 
spring constant k ≈ 35 pN nm-1 (HYDRA6R-TL, AppNano, Mountain View, CA) by UV 
glue (NOA 88, Norland products, Cranbury, NJ). Glue was cured by being exposed to 
long wave ultraviolet light of wavelength of 366 nm for 60 minutes. The spring constant 
of each probe was determined with thermal noise spectrum67,68.  
3.2.6 Finite Element Analysis 
            Finite element modeling and simulations were performed using ANSYS 
Workbench 14.0. The models assume axial symmetry around the center of the AFM tip. 
The AFM probe was modeled to be much more rigid (200 GPa) than the samples being  
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indented (0.79 kPa). Spherical probe with radius of 2.7 µm was used in this simulation. 
The tip had a triangular mesh size of 50 nm and the contact between the tip and sample 
was assumed to be frictionless. The substrate was modeled as an elastic material with 
Poisson's ratio of 0.48 and had a triangular mesh size of 100 nm and tapered to larger 
values at a distance of 5 µm from the tip. The radius and depth of the axially symmetric 
substrates were 150 µm and 115 µm. The bottom of the substrate had a fixed no-slip 
support. All elements had mid-side nodes. The AFM tip indents into the sample in 
increments of 10 nm and a force-indentation response was computed from the interface 
between the AFM probe and sample. 
 
3.3 Theoretical Model 
            The Hertz model uses the second-order approximation of the Taylor expansion of 
a spherical geometry (parabolic geometry)97. In the proposed model we use the fourth-
order approximation in the Taylor expansion of the spherical geometry. The F-δ 
Figure 3.1: Schematics of AFM probe, geometry function, and contact radii. (A) 
Schematics of a spherical probe with radius R indenting a sample. The distance from the 
surface of the sample to the bottom of probe is quasi-static indentation depth (𝛿4). The 
distance from the center of probe to where surface of sample loses contact with the probe 
surface is contact radius (𝑎). (B) Geometries with radius of 𝑅 for a spherical indenter 
(black, 𝑓(𝑟) = 𝑅 − √𝑅& − 𝑟&), the Hertz model (red, 𝑓(𝑟) = 𝑟& 2𝑅⁄ ), and the Expansion 
model (blue, 𝑓(𝑟) = 𝑟& 2𝑅⁄ + 𝑟' 8𝑅F⁄ ). (C) Normalized contact radii by 𝑅 as a function of 
normalized indentation by R for spherical indenter (black dashed line, Eq. 14), full 
solution contact radius (magenta, Eq. 6), the Hertz model (red, Eq. 10), the Expansion 
model (blue, Eq. 11), three-term contact radius (green, Eq. 12), and four-term contact 
radius (yellow Eq. 13). 
 
Figure 3.1: Schematic of AFM probe, geometry function, and contact radii. (A) Shows 
cartoon of a spherical probe with radius R indenting a sample. The distance from the 
surface of the sample to the bottom of probe is quasi-static indentation depth (𝛿4). The 
distance from the center of probe to where surface of sample loses contact with the probe 
surface is contact radius (𝑎). (B) Geometries with radius of 𝑅 for a spherical indenter 
(black, 𝑓(𝑟) = 𝑅 − √𝑅& − 𝑟&), the Hertz model (red, 𝑓(𝑟) = 𝑟& 2𝑅⁄ ), and th  Expansion 
model (blue, 𝑓(𝑟) = 𝑟& 2𝑅⁄ + 𝑟' 8𝑅F⁄ ). (C) Normalized contact radii by 𝑅 as a function of 
normalized inde tation by R for spherical indenter (black dashed line, Eq. 14), full 
solution contact radius (magenta, Eq. 6), the Hertz model (red, Eq. 10), the Expansion 
model (blue, Eq. 11), three-term contact radius (green, Eq. 12), and four-term contact 
radius (yellow Eq. 13). 
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equation can be derived by solving the Sneddon method. The Sneddon method provides 
a simple procedure to calculate force-indentation responses for a given indenter with 
geometry function f(r)71. By employing Hankel transforms, Sneddon demonstrated that 
the force and indentation can be analytically calculated by solving the following 
equations. 𝛿 = 𝛽(1)                                                                (3.2)                           
         𝐹 = &w>(@ux\) 𝛿 − ∫ 𝛽(𝑡)𝑑𝑡@4                                                (3.3) 
where δ is the indentation, E is the Young’s modulus (i.e. stiffness) of the sample, a is 
contact radius, and v is the Poisson’s ratio of the sample. 𝑥 is defined as 𝑥 = 𝑟/𝑎, and 𝑓¥(𝑥) is the derivation of geometry function with respect to 𝑥. 𝛿 and a are indentation 
depth and contact radius (Fig. 3.1A). In order to have more accurate F-δ equation at 
higher indentations (δ>0.3R) we chose the first two terms in the Taylor expansion of the 
sphere geometry as the geometry of our model. 
𝑓«<=y=(𝑟) = 𝑅 − √𝑅& − 𝑟& = y\& + y¢Ó£ + 𝑂(𝑟3)                                   (3.4) 𝑓ws<.(𝑟) = y\& + y¢Ó£                                                        (3.5) 
where R is the radius of indenter, and fExp. is the geometry function of our model. The 
contact radius and the F-δ equation can be found by substituting Eq. (5) to Eq. (3.1-3.3) 
𝑎q2	«L2KL = 𝑅ÔÕ5' + F − F&                                              (3.6) 
                                   𝐹(𝛿) = &w\@ux\ ÔÕ5' + F − F&	 . Ö'Á − &@Á ÅÕ5' + F − F&Æ×                             (3.7) 
            We name the contact radius result of Sneddon method for the geometry shown in 
Eq. (3.5) as the “full solution contact radius”. Next, we demonstrate that the first two 
terms in the Taylor series of the full solution contact radius as a function of indentation 
(δ) is very similar compared to the contact radius of a spherical indenter, with 
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discrepancy less than 0.1%, throughout the indentation depth up to R. The Taylor 
expansion of full solution contact radius and force-indentation shown in Eq. (3.6, 3.7) 
are 
𝑎q2	«L2KL = 𝑅 ÖØ\ − @3 £\ + ÀÀ& Ù\ − @@@'' Ú\ + 𝑂 ÅÛ\Æ×                    (3.8) 
𝐹(𝛿) = 'w£\Ø\F(@ux\) Ü1 − @@4  + @&' & − @@'F& F + 3ÁF'Á3 ' + 𝑂 ¸Á¹Ý            (3.9) 
The first term in eq. (3.8) is the Hertz model contact radius. We define the expansion 
model, three-term, and four-term contact radii as the first two, three, and four terms in 
the Taylor expansion of the full solution contact radius Eq. (3.8) 
𝑎1=yKm = 𝑅 Ø\                                                       (3.10) 
𝑎ws<. = 𝑅 ÖØ\ − @3 £\×                                               (3.11) 
𝑎%y==uK=yO = 𝑅 ÖØ\ − @3 £\ + ÀÀ& Ù\×                                (3.12) 
𝑎©L2yuK=yO = 𝑅 ÖØ\ − @3 £\ + ÀÀ& Ù\ − @@@'' Ú\×                        (3.13) 
The contact radius of as of an exact spherical indenter is given by71 
@& 𝑎« log >²u>² = 𝛿                                                 (3.14) 
Figure 3.1C shows that the Expansion model contact radius (Eq. 3.11) behaves identical 
compared to sphere contact radius. The other contact radii deviate from the sphere 
contact radius at some indentations smaller than R. Therefore, we chose the first two 
terms in the Eq. (3.8) and Eq. (3.9) as our model contact radius and force-indentation 
equation. 
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𝐹ws<.(𝛿) = 'w£\Ø\F(@ux\) 1 − @@4                                           (3.15) 
The viscoelastic version of eq. (3.15) can be derived by setting the force and indentation 
to have two components, quasi-static (δo), and dynamic (δosc(ω))73, 77 
𝛿 = 𝛿4 + 𝛿L«f(𝜔)                                                 (3.16) 
𝐹 = 𝐹4 + 𝐹L«f(𝜔)                                                 (3.17) 
where 𝛿L«f(𝜔) and 𝐹L«f(𝜔) are respectively indentation and force oscillations and  𝜔	is 
the angular frequency (𝜔 = 2𝜋𝑓), and 𝐺∗is the complex shear modulus. The stiffness 
modulus E in Eq. (3.15) is related to complex shear modulus G* by73 
𝐸 = 2(1 + 𝜈)𝐺∗                                                   (3.18) 
            The dynamic extension can be derived by expanding the Expansion model in 
indentation (𝛿) and keeping the terms up to the linear one in oscillatory indentation 𝛿L«f(𝜔). The resulting equation is only valid for oscillation amplitudes |δosc(ω)| much 
smaller than the quasi-static indentation depth δo73,77. 
𝐺ws<.∗ (𝜔) = 𝐺′(𝜔) + 𝑖𝐺"(𝜔) = @u¨'@uØàáâ ©­²k()­²k()                          (3.19) 
𝐺¥(𝜔) and 𝐺¥¥(𝜔) are the real (shear storage modulus) and imaginary (shear loss 
modulus) components of shear complex modulus. In dynamic measurements the 
cantilever oscillates in liquid, therefore, hydrodynamic drag forces due to the due to the 
surrounding medium effects the probe76. Therefore, we correct the Eq. (3.19) for the drag 
forces. The correction is applied by calculating the drag force constant from the relation 𝐹L«f,ã2j(𝜔) 𝛿L«f,ã2j(𝜔)⁄ = 2𝑖𝜋𝑏(ℎ)𝑓  (b is the drag force constant, f is the oscillation 
frequency, i is imaginary unite, APPENDIX A Fig. S2A) at different heights h above the 
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sample surface and extrapolating to h=0 (APPENDIX A Fig. S2B). Alcaraz et al. 
described a model for the drag force constant dependence on h76;  𝑏(ℎ) =6𝜋𝜂𝑎=qq& äℎ + ℎ=qqåæ +𝑏ç where 𝜂 is the liquid viscosity, 𝑏ç is the drag far from the 
sample surface, 𝑎=qq and ℎ=qq are, respectively, the effective radius and height of the 
lever.  The measurements are performed in liquid, therefore, the phase lag between 
indentation and force oscillations is roughly 90o. As a result, the real component of 𝐹L«f,ã2j(𝜔) 𝛿L«f,ã2j(𝜔)⁄  is negligible and the imaginary component is linear in 
frequency (APPENDIX A Fig. S1A). Next, we subtract the effect of hydrodynamic drag 
force on the cantilever and probe from the complex shear modulus measured by the 
probe 
𝐺∗ = 𝐺¥(𝜔) + 𝑖𝐺¥¥(𝜔) = @ux'@uáàâ ©­²k()­²k() − 𝑖𝜔𝑏(0)                    (3.20) 
where 𝑏(0) is the drag force constant at the contact point (surface of sample). 
 
3.4 Results and Discussions 
            The full solution contact radius shown Eq. (3.6) has a complicated dependency on 
δ. We simplify it by its Taylor expansion polynomial form. Figure 3.1C shows normalized 
contact radius plots as a function of normalized indentation (normalized by the indenter 
radius R) for sphere (black dashed line), Hertz model (red line), Expansion model (blue 
line), full solution (magenta line), Three-term (green line), Four-term (yellow line) 
contact radii. The Expansion model contact radius behaves very similar to the spherical 
probe contact radius throughout the entire indentation depth up to the radius of the 
sphere. The Expansion and spherical contact radii reach 𝑎ws<. 𝑅⁄ = 0.8333 and 𝑎« 𝑅⁄ =0.8336 at	𝛿 = 𝑅. Our model’s F- δ equation can be found by keeping the first two terms in  
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the Taylor expansion of the F- δ results of Sneddon for the fourth-order approximation 
of spherical geometry. 
3.4.1 Quasi-static Experiments on Polyacrylamide and Finite Element Analysis 
            In an area of 90 µm2, at room temperature, a 6×6 grid of indentations was 
acquired by a spherical probe with a diameter of 5.4 µm in the quasi-static mode with an 
approach and retract speed (z-velocity) of 2 µm.s-1. A trigger force of ~ 9 nN was used to 
reach 2.7 µm of indentation, similar to the probe radius. Young’s moduli were obtained 
by fitting the generated F-δ curves with quasi-static models. A typical F-δ is shown in 
APPENDIX A Figure S1. Figure 3.2A and 3.2C represent the Young’s moduli obtained by 
fitting the experimental force-indentation curves with Expansion model Eq. (3.6) (blue), 
and with the Hertz model (red). For each F-δ curve the Young’s modulus is calculated for 
every 100 nm of indentation segments and the resulted value is assigned for the middle 
of each segments. Figure 3.2C presents the experimental Young’s modulus results. The 
experimental Young’s modulus increases for the first 0.5 µm of indentation for both the 
Expansion model (blue, 702±138 - 899±33 Pa) and the Hertz model (red, 708±123 –  
Figure 3.2: Quasi-static measurements on polyacrylamide, as well as Finite Element 
Analysis. (A)  Force curve generated by Finite Element Analysis is analyzed by the 
Expansion (blue) and the Hertz (red) model. The horizontal black line shows the sample 
stiffness (790 Pa). (B) Shows relative error (𝐸 − 790	𝑃𝑎 790	𝑃𝑎⁄ × 100 ) for Finite 
Element Analysis Young’s moduli for the Expansion and Hertz models. (C) Experimental 
Young’s moduli of both the Expansion and Hertz models. A polyacrylamide hydrogel is 
indented up to the radius of probe (2.7 µm). Dots are averages and bars are standard 
deviations. 
 
Figure 3.2: Results obtained by quasi-static measurements on polyacrylamide, as well as 
Finite Element Analysis. (A)  Force curve generated by Finite Element Analysis is 
analyz d by the Expansion (blue) and the Hertz (red) models. The horizontal black line 
shows the sample stiffness (790 Pa). (B) Shows relative error (𝐸 − 790	𝑃𝑎 790	𝑃𝑎⁄ × 100 
) for Finite Element Analysis Young’s moduli for the Expansion and Hertz models. (C) 
Experimental Young’s moduli of both the Expansion and Hertz models. Polyacrylamide 
hydrogel is indented up to the radius of probe (2.7 µm). Dots are averages and bars are 
standard deviations. 
43 
 
866±31 Pa). At the end of indentation depth (probe radius) the value for the Expansion 
model Young’s modulus (blue) reaches 787 Pa, however, the Hertz model Young’s 
modulus (red) undergoes a dramatic decrease and the value reaches 634 Pa. Figure 3.2A 
shows the finite element analysis Young’s modulus results. Similar to the experimental 
data, the Expansion model Young’s moduli (blue) experiences an increase for the first 
0.5 µm of indentation depth, (from 700 to 846 Pa), and reaches 799 at the end of 
indentation depth. The black line on Fig. 2A represents the sample stiffness in the FEA 
model (790 Pa). The Hertz model Young’s modulus (red) increase in the first 0.5 µm of 
indentation, (from 699 to 818 Pa) and reaches 642 Pa at the end of indentation. In both 
experiment and FEA the Hertz model-based Young’s moduli decrease more rapidly 
compared to the Expansion model’s Young’s moduli. Figure 3.2B represents the relative 
error for FEA Young’s modulus results. The Expansion model’s relative error remains 
less than 8% throughout the entire indentation depths and reaches 1% at δ =R, while the 
Hertz model relative errors increases. For indentations similar to the probe radius, the 
Hertz model underestimates the correct Young’s modulus value by 19%. Our 
Experimental and FEA results (Fig. 3.2) confirm that the Expansion model Young’s 
modulus is more homogeneous and more accurate compared to Hertz model. The Hertz 
model Young’s modulus decrease with indentation depth in both our measurements and 
simulations on homogeneous samples. In general, the Expansion model elastic results 
are higher than the Hertz model ones. 
3.4.2 Dynamic Experiments on Polyacrylamide Gels 
            In an area of ~ 90 µm2 region, at room temperature, a 4×4 grid of indentations 
was acquired for dynamic frequency sweep measurements. Trigger forces of (0.8, 2.1, 
3.8, 8.9 nN) were applied to reach the quasi-static indentation depths δ0, of 457±27, 
899±35, 1363±20, and 2587±53 nm. At the quasi-static indentation depth of δ0 the  
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probe oscillated (δ(ω)) with an amplitude of 50 nm and with angular frequency (ω) in 
the range of 1 – 100 Hz (Fig. S2D) and the oscillatory force responds of the sample were 
measured (Fig. S2A). The amplitudes of force and indentation oscillations along with the  
Figure 3.3: Dynamic frequency sweep measurements on polyacrylamide. (A) Shear 
storage modulus at different indentation depths analyzed by the Expansion model is 
plotted as a function of frequency. (B) Shear storage modulus of polyacrylamide analyzed 
by the Hertz model. (C) Shear loss moduli obtained by the Expansion model. (D) Shear 
loss moduli analyzed by the Hertz model. (E) Shows the procedure of viscoelasticity 
measurements. 𝐺’, 𝐺”, and 𝜈 are shear storage, shear loss moduli, and Poisson’s ratio. At 
quasi-static indentation	𝛿4 oscillatory indentation 𝛿(𝜔) is applied by driving cantilever 
vertical position and force response 𝐹(𝜔) is measured. (F) Loss tangent of both models 
show the same value. Dots are averages and bars are standard deviation. Dynamic 
frequency sweep experiment is performed at indentation depths of 0.46±0.03, 
0.90±0.04, 1.36±0.02, and 2.59±0.05 µm (mean ± standard deviation). 
 
Figure 3.3: Dynamic frequency sweep experiment is performed at indentation depths of 
0.46±0.03, 0.90±0.04, 1.36±0.02, and 2.59±0.05 µm (mean ± standard deviation). (A) 
Shear storage modulus at different indentation depths analyzed by the Expansion model 
is plotted as a function of frequency. (B) Shear storage modulus of polyacrylamide, 
analyzed by the Hertz model. (C) Shear loss modulus obtained by the Expansion model. 
(D) Shear loss moduli analyzed by the Hertz model. (E) Shows the procedure of 
viscoelasticity measurements. 𝐺’, 𝐺”, and 𝜈 are shear storage, shear loss moduli, and 
Poisson’s ratio. At quasi-static indentation	𝛿4 oscillatory indentation 𝛿(𝜔) is applied by 
driving cantilever vertical position and force response 𝐹(𝜔) is measured. (F) Loss 
tangent of both models show the same value. Dots are averages and bars are standard 
deviation. 
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phase lag between force-time and indentation-time curves (APPENDIX A Fig. S2E) and 
dynamic models were used to calculate the viscoelastic properties of the sample. The 
drag force constant measurements were carried out at frequencies between 1 – 100 Hz 
and heights between 0.5 – 8 µm above the sample surface (APPENDIX A Fig. S2A and 
B). Figure 3.3A and 3.3B show the shear storage moduli results for the Expansion and 
the Hertz models, respectively, at different quasi- static indentation depths. The 
Expansion model shear storage moduli (Fig. 3.3A) present more homogeneous values at 
the different quasi-static indentation depths compared to the results analyzed by the 
Hertz model (Fig. 3.3B). The Hertz model shear storage moduli curves decreases as the 
quasi-static indentation depth increase. The shear storage moduli results are in 
agreement with the Young’s moduli results since the shear storage and Young’s moduli 
are related by the Eq. (3.18). In many biological samples the Poison ratio (𝜈) is 0.5 due to 
the water content of samples. Substituting 0.5 for the Poisson ratio we have E= 3𝐺¥. The 
Young’s modulus at indentation depth δ0 has to be compared with shear storage modulus 
at indentation depth δ0 and frequency f0= 𝑉/2𝛿4 where 𝑉 is the Z-velocity of approaching 
and retraction of the probe. In Young’s measurements AFM tip moves up and down by δ0 
and with velocity 𝑉. One can consider this motion as a cycle of oscillation with the 
frequency equal one over the period of this motion. Therefore, one needs to consider 
E(𝛿4) = 3𝐺¥(𝛿4, f0= 𝑉/2𝛿4) to compare Young’s modulus with shear storage modulus. 
Three times the Expansion model and Hertz model shear storage modulus at 0.458 µm 
and 3.16 Hz (nearest measured frequency to f0=2.2 Hz) are 873±13 Pa and 849±14 Pa, 
which is in good agreement with the Young’s modulus at 0.458 µm for the Expansion 
and Hertz models (899±6 Pa and 866±5 Pa respectively). The Expansion model shear 
storage moduli results curves measured at the different indentation depths are closer to 
each other (more homogeneous G’) compared to the same curves by the Hertz model. In 
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both the Expansion and Hertz models shear storage moduli measured at the shallowest 
quasi-indentation depth (δ0=0.458 µm, Fig. 3.3A and 3.3B, blue curves) have the 
strongest dependency on frequency. However, shear loss moduli measured at the deepest 
indentation depth (δ0=2.587 µm) have the strongest dependency on frequency for both 
the Expansion (Fig. 3.3C) and Hertz models (Fig. 3.3D). The relative position of the 
shear loss modulus (𝐺¥¥) curves at different indentation depths are the same for both the 
Expansion and Hertz models. At a given quasi-static indentations the Expansion model 
results in higher shear loss moduli curves compared to the Hertz model ones. Figure 
3.3F shows the loss tangent (𝐺¥¥/𝐺′) for both the Expansion and Hertz models. The ratio 
of shear loss to storage moduli for the Expansion and Hertz models140 are given by  𝐺′ws<>«L(𝜔) 𝐺′1=yKm(𝜔)⁄  and 𝐺"ws<>«L(𝜔) 𝐺"1=yKm(𝜔) =⁄ 1 [1 − 3]æ , therefore, this 
factor cancels out in the expression for loss tangent (𝐺¥¥/𝐺′) and both models result in 
the same loss tangent. The loss tangent is independent of the geometry of the model and 
the probe. Therefore, the Expansion and Hertz models provide the same loss tangent 
values. 
3.4.3 Gelatin Methacrylate Hydrogels                                                                                           
            To test the effect of indentation depth on adhesion force141 and the precision of the 
analyzed results, a spherical AFM probe with radius of 2.7 µm was used to measure 
mechanical properties of Gelatin Methacrylate (GelMA) at room temperature. On three 
different areas of ~ 90 µm2, a 6×6 grid of measurement was collected for deep and 
shallow indentations. Trigger forces of (1.00 nN, 0.15 nN) were used to apply (2.7 µm, 
1.0 µm) of indentation depths. The F-δ curves were analyzed by the Expansion and Hertz 
models. The Expansion Young’s moduli of 23±7 Pa (shallow indentations) and 48±9 Pa 
(deep indentations, mean ± standard deviation) were measured (Fig. 3.4A). Young’s  
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moduli of 21±7 Pa (shallow indentations) and 40±8 Pa (deep indentations) were 
analyzed by fitting the F-δ curves by the Hertz model (Fig. 3.4A). The ratio of the 
Expansion model Young’s modulus to the Hertz model one was 1.09 and 1.22 for shallow 
and deep indentations (Fig. 3.4A). Both the Expansion and Hertz models assumes that 
the contact surface does not have adhesion. If the surface is adhesive, the JKR model81 
can be used. However, the JKR model possess the same geometry inaccuracy ash the 
Hertz model. In addition, it is challenging to modify the JKR model for dynamic 
frequency sweep measurements. The radio of the Young’s moduli analyzed F-δ curves 
with the Hertz (𝐸1=yKm) and JKR  (𝐸êë) models are given by 𝐸1=yKm 𝐸êë⁄ = 
Figure 3.4: Results of the Expansion model test on GelMa samples. (A) Quasi-static 
force-indentation curves with shallow (~ 1 µm) and deep (~ 2 µm) indentations are 
analyzed by the Expansion and Hertz models to obtain Young’s moduli. (B) Shows 
adhesion forces of shallow and deep indentations on GelMa. (C) The ratio of the 
adhesion force to the maximum applied force by the cantilever (trigger force). Trigger 
forces of 0.70 and 0.15 nN were used to achieve deep and shallow indentations on 
GelMa. (D, E) shear storage and shear loss moduli for deep (solid lines) and shallow 
(dashed lines) indentations on GelMa analyzed by the Expansion model (blue graphs) 
and the Hertz model (red graphs). (F) Represents the loss tangent (𝐺" 𝐺′⁄ ) for shallow 
(dashed line) and deep (solid line) indentations. Both the expansion and the Hertz 
models result in the same loss tangent. 
 
Figure 3.4: Results of the Expansion model test on GelMa. (A) Quasi-static force-
indentation curves with shallow (~ 1 µm) and deep (~ 2 µm) indentations are analyzed 
by the Expansio  and Hertz models to obtain Young’s modulus. (B) Shows adhesion 
forces of shallow and deep indentations on GelMa. (C) Shows the ratio of the adhesion 
force to the maximum applied force by the cantilever (trigger force). Trigger forces of 
0.70 and 0.15 nN were used to achieve deep and shallow indentations on GelMa. (D, E,) 
shear storage and shear loss moduli for deep (solid lines) and shallow (dashed lines) 
indentations on GelMa analyzed by the Expansion model (blue graphs) and the Hertz 
model (red graphs). (F) Represents the loss tangent (𝐺" 𝐺′⁄ ) for shallow (dashed line) and 
deep (solid line) indentations. Both the expansion and the Hertz models result in the 
same loss tangent. 
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Õ1 + 2𝜒 + 2𝜒1 + 𝜒u@, where 𝜒 = 𝐹>j=«L 𝐹><<=j⁄ 142. The ratio of the adhesion force to 
the maximum applied force by the AFM probe (trigger force) is an indication if non-
adhesive surface assumption is valid. The lower the ratio is, the better prediction the 
model provides. GelMA samples adhesion forces of 115±87 pN for deep indentations and 
56±79 pN for shallow indentations were measured (Fig. 3.4B). The ratio of adhesion 
force to trigger force were 0.115±0.087 for deep indentations and 0.375±0.524 for 
shallow indentations (Fig. 3.4C). The more indentation depth, the more sample stiffness 
contribution, the less surface effect contribution.  
3.4.4 Living MDA-MB-231 Cells 
            To test the new contact model on cells, quasi-static and dynamic frequency sweep 
indentations were performed on MDA-MB-231 cultured on petri dishes. Cells were 
seeded on glass-bottomed dishes 1 day before the measurements. Experiment was 
performed at 37°C and in 1×HBSS with calcium, magnesium and 25 mM HEPES. For 
each cell on an area of 4µm×4µm around the nuclear region of the cell, 4 quasi-static 
indentations, 4 shallow dynamic indentations, and 4 deep dynamic indentations were 
collected. 16 cells with an average height of hcell~15 µm were measured. Trigger forces of 
1-3 nN and 3-11 nN were used to apply 0.99±0.02 µm of shallow indentations and 
2.52±0.03 µm of deep indentations. The first 2.7 µm of quasi-static indentation depth of 
each F-δ was divided into 100 nm segments and Young’s moduli of each segment was 
calculated by fitting each interval to the Expansion and Hertz models and the Young’s 
moduli values were assigned to the middle of the intervals (Fig. 3.5A). The Expansion 
and Hertz models resulted in values of 297 and 296 Pa at the first interval (0.0-0.1 µm) 
and they reached elasticity of 912 and 762 Pa at the last interval (2.6-2.7 µm). Due to the 
finite thickness of the cancer cells (𝛿4 ℎf= ≈ 0.18⁄ ), the stiff glass substrate contributes  
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in the measured moduli. Therefore, we utilized a two-layer model with the cells as the 
top layer with height of 15 µm and the substrate with infinite thickness and Young’s 
modulus of 50 GPa. The cells elastic moduli corrected for the height of the cells is shown 
and compared with the Hertz model Young’s moduli in Fig. S3 (see APPENDIX A). The 
corrected Young’s moduli of the MDA-MB-231 cells remains relatively constant 
throughout the 2.7 µm of indentation, whereas, the Hertz model Young’s modulus 
increases with the indentation depth. 
 
Figure 3.5: Results of the Expansion model test on MDA-MB-231 cells. (A) Young’s 
modulus obtained by the Expansion (blue curve) and Hertz (red curve) models plotted as 
a function of indentation. (B, C) shear storage and loss moduli for deep (2.52±0.03 µm, 
solid lines) and shallow (0.99±0.02 µm, dashed lines) indentations on MDA-MB-231 
cells analyzed by the Expansion model (blue graphs) and Hertz model (red graphs). (D) 
Shows the loss tangent of MDA-MB-231 cells for deep (blue) and shallow (red) 
indentations analyzed by both the Expansion and Hertz model. 
 
Figure 3.5: Results of the Expansion model test on MDA-MB-231 cells. (A) Elastic 
modulus obtained by the Expansion (blue curve) and Hertz (red curve) models plotted as 
a function of indentation. (B, C) shear storage and loss moduli for deep (2.52±0.03 µm, 
solid lines) and shallow (0.99±0.02 µm, dashed lines) indentations on MDA-MB-231 
cells analyzed by the Expansion model (blue graphs) and Hertz model (red graphs). (D) 
Shows the loss tangent of MDA-MB-231 cells for deep (blue) and shallow (red) 
indentations analyzed by both the Expansion and Hertz model. 
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           Figure 5B shows the shear storage modulus. Blue curves represent dynamic results 
of The Expansion model and red curves show the Hertz model data. Dynamic 
experiment was performed at shallow (0.99±0.02 µm, dashed curves) and deep 
(2.52±0.03 µm, solid curves) indentation depths. At shallow indentations (0.99±0.02 
µm) both the Expansion and the Hertz models resulted in the same values (dashed red 
and blue lines). However, at deep indentation the Expansion model resulted in higher 
shear moduli compared to the Hertz model (from 1-100Hz, Expansion model 𝐺′: 549-
1355 Pa, Hertz model 𝐺′: 467-1149 Pa), in agreement with the Young’s moduli results. 
The Expansion and Hertz models resulted in the same values for shear loss modulus at 
shallow indentations (Fig. 3.5C). However, at deep indentations (Fig. 3.5C solid blue and 
red curves) The Expansion model resulted in higher shear loss modulus compared to the 
Hertz model one. In this test both models provided the same loss tangent (𝐺" 𝐺′⁄ , Fig 
3.5D). 
3.5 Conclusions 
            We have studied the problem of deep (δ~R) indentation of soft materials by 
spherical indenters. The field lacks a simple accurate contact model to analyze force-
indentation recorded by such indenters. The proposed model, the Expansion model, 
incorporates a two-term Taylor approximation of spherical geometry enabling it to 
estimate more accurate mechanical properties at high deformations. Force-indentation 
and contact-indentation equations were obtained by solving Sneddon equations for such 
geometry.  The Expansion model was verified by experimental and FEA indentations on 
homogeneous samples. In the experiment, polyacrylamide hydrogels were indented by a 
spherical AFM probe and the raw data was fitted with the Expansion and Hertz models. 
In the FEA, a designed sample with homogeneous elasticity was indented by a spherical 
probe. In both experiment and FEA, the Expansion model estimated more homogeneous 
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elastic moduli as compare to the Hertz model results, while the Hertz model 
underestimated the elastic moduli. The applications of the proposed model on hydrogels 
and cells were investigated. Our findings demonstrate that the Expansion model 
eliminate up to 19% of mechanical properties discrepancy caused by the fitting the raw 
data with Hertz model.
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4. ON THE ANALYSIS OF AFM FORCE-INDENTATION DATA OF 
HETEROGENOUS SAMPLES 
 
            The work in this chapter is published in the paper; "Quantitative mechanical 
analysis of indentations on layered, soft elastic materials." by Bryant L. Doss, Kiarash 
Rahmani Eliato, Keng-hui Lin, and Robert Ros in Soft Matter 15, no. 8 (2019) pp. 1776-
1784. The materials from the mentioned paper are used with the authors’ permission.   
The theoretical framework, finite element analysis simulations, and macroindentations 
are developed and performed by Bryant L. Doss. Microindentations’ experiment design 
and sample preparation, were developed and performed by Kiarash Rahmani Eliato.  
This work was supported by a grant “NIH/NCI U54CA143862” awarded to Robert Ros. 
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4.1 Introduction 
            Atomic force microscopy (AFM) is a powerful instrument to investigate 
mechanical properties of soft materials and biological samples. AFM nanoindentation 
based quantifications have been utilized to study mechanical properties of a vast variety 
of biological samples, for example, cells13, 72, 143, 144, hydrogels122, 145, 146, microtubules147, 148, 
viruses149-151, tissues121, 152, 153, polymers154-155. The principle of AFM force measurement 
can be summarized as, the sample is indented by a probe of known geometry and the 
force response of the sample is identified to generate force-indentation graphs (𝐹 − 𝛿). 
Later, with known Poisson’s ratio ν, 𝐹 − 𝛿 curves can be fit to an elastic contact model to 
quantify the elastic modulus 𝐸 of the sample. The classical contact models71, 97 assume 
that the sample is a homogenous, isotropic elasticity, half-infinite space, with no 
viscosity, frictionless and non-adhesive surface. However most biological samples and 
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tissues have mechanics that do not meet all of stated 
assumptions. One example of deviation from classical 
contact model assumptions is heterogeneity in the cell74 
or the actin cortex of a cell156. In these    scenarios there 
is a thin elastic layer on top of a substrate with different 
mechanical properties. Mechanics of thin elastic 
samples on rigid substrate have been subject of multiple 
investigations78, 157, for example, Garcia et al. proposed a 
model to account for effect of an infinite rigid substrate 
on stiffness of an elastic thin layer94. Other works 
include models developed for a soft elastic layer on an 
elastic substrate with one order of magnitude 
mismatch158-160, numerical approach to account for the 
elastic modulus of a multi-layered sample86, 161. 
However, the works in this field all fall short to propose 
a simple general formulation to quantify elastic modulus 
of any two-layered elastic samples measured with any given probe geometry. In this 
study we present a model to quantify mechanics of two elastic layers for a given probe 
geometry.  
 
4.2 Theory 
            Sneddon model provides a solution for axisymmetric indentation into an elastic 
half-space. In this solution 𝐹 − 𝛿 can be derived for any probe geometry 𝑓(𝑟)71. Dhaliwal 
et al. developed an extension of Sneddon model for an elastic layer adhered to a half-
Figure 4.1: Illustration of two-
layered elastic sample with the 
relevant physical parameters 
(Figure adapted from 
reference 163). 
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infinite elastic substrate (Fig. 4.1). The	𝐹 − 𝛿  equation can be written in form of 
Fredholm Integram Equation of the Second Kind162 
                              𝜙(𝑡) + > ∫ 𝐾(𝑥, 𝑡)@4 𝜙(𝑥)𝑑𝑥 = − wØ>&(@uxØ\) [𝛿 − 𝛽(𝑡)]                                          (4.1) 
                                                             𝐹 = −4∫ 𝜙(𝑡)𝑑𝑡@4  (4.2) 
                                                                    𝜙(1) = 0 (4.3) 
                                                           𝛽(𝑡) = 𝑡 ∫ q¥(y)√K\uy\K4 𝑑𝑟 (4.4) 
where 𝑎 is the contact radius, 𝛿 is the indentation of the probe into the sample, ℎ is the 
thickness of the top layer, 𝐸@ and  𝜈@ are the elastic modulus and Poisson’s ratio of the 
top layer, 𝐹 is the applied force by the probe, and 𝑓(𝑟) is the geometry of the probe (0 <𝑟 < 1). The kernel 𝐾 is smooth and given by162, 163 
                                   𝐾(𝑥, 𝑡) = 2∫ 𝐻(2𝑢) cos > 𝑡𝑢 cos > 𝑥𝑢 𝑑𝑢ç4  (4.5) 
                                               𝐻(𝑢) = − jï(@2)\&jï=·ð=ðjï(@2\)jï=·ð (4.6) 
                                                         𝑑 = (Fu'xØ)uñ(Fu'x\)@ñ(Fu'x\)  (4.7) 
                                                                𝑔 = @uññFu'xØ (4.8) 
                                                                𝜇 = wØ(@x\)w\(@xØ) (4.9) 
where E2 and ν2 are the Young's modulus and Poisson's ratio of the half-space substrate. 
Note that when 𝐸@ = 𝐸& and 𝜈@ = 𝜈&, or ℎ → ∞ Eqn. (4.1) results in the homogenous 
problem studied by Sneddon. Eqn. (4.1) solved numerically along with the Eqn. (4.3) to 
obtain 𝜙. Later, 𝐹 is calculated using Eqn. (4.2). For indentation onto a sample with 
stiffer substrate,	𝐹 is larger compared to indentation onto a homogenous	𝐸@. While for a 
softer substrate  𝐹  is smaller compared to indentation onto homogenous	𝐸@. 𝑎 follow the 
same pattern as 𝐹,  𝑎 is larger (smaller) for indentation onto stiffer (softer) substrate 
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compared to indentation onto homogenous 𝐸@. In the rest of this work we assume	𝜈@ =𝜈& = 0.5; also, this model does not predict an asymptotic relationship in 𝐹 for 	𝛿 > ℎ, as a 
result for the rest of this work we assume the indentation depth is smaller than the 
thickness of the substrate 𝛿 < ℎ.  
 
4.3 Materials and Methods 
4.3.1 PDMS Preparation 
            Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) was mixed with base 
crosslinker ratios of 25 : 1 and 40 : 1 and degassed. Thin PDMS layers were spin-coated 
at 4000 rpm for 2 min onto silanized (Methyltrichlorosilane, Sigma Aldrich) glass 
coverslips (Gold Seal 48 mm × 60 mm, Electron Microscopy Sciences) and thick (∼3 
mm) PDMS substrates were poured onto glass-bottom Petri dishes and cured at 65 °C 
overnight. The layer thicknesses were determined by the interference pattern of the back 
reflected light at the gel interfaces using a confocal microscope (Microtime 200, 
PicoQuant) at 6 locations on the gel used to form the layer; thickness values represent 
the mean ± standard deviation. Both layers were then cleaned in oxygen plasma (PDC-
001, Harrick Plasma) for 2 min, pressed together to bond, and then the silanized 
coverslip was removed to produce a layered PDMS substrate. 
4.3.2 Atomic Force Microscopy 
            AFM measurements were performed using an MFP-3D-BIO (Asylum Research). 
Spherical probe with a 10 µm diameter was used. The probe was made by glass bead 
glued to a tipless cantilever (ACT-TL, AppNano) with spring constant of 57 N m−1 as 
determined from the thermal tuning method. Experiments were performed at room 
temperature. In order to reduce the sample-tip adhesion, experiments were performed in 
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2% bovine serum albumin in phosphate buffered saline. The probe vertical velocity was 2 
µm s−1 and 𝐹 − 𝛿 curves were analyzed up to indentation depths of 1.5 µm. Data was 
collected from multiple indentations at different locations on a single two-layered 
sample as well the homogeneous stiffness samples prepared at the same time (gels 
within a single figure panel were prepared at the same time, gels in different figure 
panels were not); stiffness values represent the mean ± standard deviation from at least 
48 indentations per sample. 
4.3.3 Data Analysis 
             𝐹– 𝛿 curves were analyzed using home-built routines in MATLAB (MathWorks). 
F–δ data was fit using linear least squares regression on the Hertz model with a fully 
constrained contact point (the fits contain 𝐹 = 0, 𝛿 = 0). Contact points were manually 
chosen in a point-and-click scheme. Eqn. (1) was solved using the MATLAB program 
Fie164. Built-in MATLAB functions trapz and quadv were used for numeric integration, 
lsqcurvefit and nlinfit were used for curve fitting, and fzero was used to solve Eqn. (4.3). 
Wolfram Mathematica 8.0 was used to solve Eqn. (4.4)163. 
 
4.4 Results 
4.4.1 The Deconvolution Method 
            𝐹4 and 𝑎4 are the force and contact radius between the probe and sample for the 
homogeneous thick layer of 𝐸@, therefore, they obey the Hertz model   
                                                          𝐹4 = w(@u¨\) 'F √𝑅𝛿F (4.10) 
                                                                  𝑎4 = √𝑅𝛿 (4.11) 
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            In the problem of indentation onto a two-layer elastic sample, 𝐸 is replaced by 𝐸@, 
and 𝐸& and ℎ emerge as the parameters describing the effect of elastic substrate and 
governing the perturbation in 𝐹 and 𝑎. With known Poisson’s ratio of the layer and 
substrate the perturbation depends on 𝑎4 ℎ⁄  and 𝐸@ 𝐸&⁄  163. Doss el al. showed the 𝐹– 𝛿 
equation for indentation onto a two-layered sample by spherical or parabolic indenter 
can be written as163 
Figure 4.2: Experimental AFM-based microindentations on two-layered PDMS gels. (A) 
Illustration of a two-layered sample and AFM. (B) F-δ curves of a soft thin layer on a stiff 
substrate (green), a homogenous soft gel (blue), and a homogeneous stiff gel (red). Fits 
are obtained by Hertz model (E0, black) for the homogeneous gels, and the two-layer 
model (E1, in black) with known substrate stiffness (E2) with known layer thickness. 
Numerical values are average values over multiple curves. (C) F-δ curves for a stiff layer 
on a soft substrate (magenta) and similar analysis as shown in (B), (Figure adapted from 
reference 163).    
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𝐹 ≈ @3wØ√£5 ø 4.ÓÁ°´F.F3°´\@¸4.ÓÁ°´F.F3°´\¹ùØù\.Ú\·.£¢°´ú.ÙØ°´\@û                              (4.12) 
where 𝑣@ = 𝑣& = 0.5, 𝛿 < ℎ, and 𝑎4 ℎ⁄ < 1. Eqn. (12) provide the same result within 8% as 
numerically solving eqn. (1)-(9) for 𝑎4 ℎ⁄ < 0.8 and 𝐸@ 𝐸&⁄ < 10, or 𝑎4 ℎ⁄ < 0.5 and 𝐸@ 𝐸&⁄ < 100. In order to avoid over fitting of eqn. (12) we only fit for either 𝐸@or 𝐸& when 
the other modulus and ℎ are known. 
4.4.2 Microindentation on Two-layer PDMS 
            In order to test the two-layer model we fabricated samples by making thin layers 
of PDMS and attaching them to PDMS substrates with tuned stiffness mismatch and 
applied AFM-based microindentation (Fig. 4.1A) by a spherical probe with radius of 5 
µm. For each layer we made a thick layer (h~3mm) from the same PDMS solution for the 
homogenous measurements. We measure the stiffness of thick substrate and the 
homogenous thick layer made with the same solution as the thin layer independently and 
the thickness of the thin layer by using the interference patterns of the back reflected 
light at the interfaces before attaching the thin layer to the substrate (hlayer~17 µm, δ~1.5 
µm, a0/h~0.16). With the known stiffness of the homogenous thick layers, we attach thin 
layer to the substrate (thick layer) and apply AFM-based microindentations and use Eqn. 
(4.12) to deconvolute each layer stiffness in the layered sample with one of the E1, E2, and 
the thickness of the thin layer h are known, and we fit for the other unknown modulus. 
In the case of a soft thin layer on stiff substrate (E1 < E2), we observe that the force 
measured on two-layered sample is higher than the homogenous soft gel and less than 
homogenous stiff gel (Fig. 4.2B). As a result, the stiffness by fitting  𝐹– 𝛿 curves to the 
Hertz model for E0 (58 ± 6 kPa) provides different results from the stiffness of both soft 
(49 ± 4 kPa, 40 : 1,) and stiff (258 ± 8 kPa, 25 : 1) homogenous gels. However, when the 
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𝐹– 𝛿 curves on the layered sample are fitted to Eqn. (4.12) with known substrate stiffness 
E2 (the value of E0 of the homogeneous stiff gel) and the thickness of the thin layer h, the 
fitted value E1 (51 ± 5 kPa) of the layer is in good agreement with the homogenous 
stiffness E0 of the soft gel (49 ± 4 kPa). Note that we do not fit for E2 with known E1 and h 
as fitting for E2 in the case of a stiffer substrate with a relatively small a0/h results in high 
error in the value of E2.   
            In the case of stiff layer on soft substrate (Fig. 4.2C); The Hertz model stiffness E0 
of the layered sample (196 ± 15 kPa) is different from both soft (81 ± 3 kPa, 40 : 1) and 
stiff (226 ± 5 kPa, 25 : 1) homogenous samples stiffness. By applying eqn. (12) with the 
known E2 (E0 of the homogenous soft gel) and h as the input parameters, to the 𝐹– 𝛿 
curves on the layered sample the fitted value E1 (230 ± 22 kPa) is similar to E0 of the stiff 
gel. In addition, if we use E1 (E0 of the homogenous stiff gel) and h are used as input 
parameters in Eqn. (4.12), the fitted the fitted E2 (93 ± 29 kPa) is similar to E0 of the soft 
gel. 
 
4.5 Discussion                                                                                                                                                                             
            The problem of contact models to assess the heterogeneity of soft samples have 
been studied in the literature by numerical86, 161, computational247, and analytical 
methods158, 159, 160. In this study, the problem of indentations into two-layered system are 
considered as indentation into a homogenous layer with a perturbation term which 
depends only on two parameters E1/E2 and a0/h as described in Eqn. (4.12). The 
presented model can be used to design AFM-based study of mechanics of biological 
heterogeneous samples.  In these scenarios Eqn. (4.12) can be used along with some 
estimation of E1/E2 and a0/h in order to quantify the effect of the substrate on F.  In the 
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case we want to measure the stiffness of the top layer (E1) we need to use low a0/h. 
Therefore, we need to lower a0 by changing indentation depth (δ) or specific selection of 
the indenter geometry. If we want to measure the stiffness of the substrate (E2), then 
increasing a0 (thus a0/h) will enhance the accuracy of the results by Eqn. (4.12) by 
making the force-indentation curves contain more character of E2. The previously 
proposed analytical models are only valid up to one order of magnitude mismatch158-160. 
However, our model is accurate up to two 0rders of magnitudes163. While the 
computational models in the literature are suitable for mechanical simulations of the 
biophysical and biomechanical properties, they have limited applications for 
experimental studies247. 
            The Hertz model results in a power-law scaling of force-indentation (F ∝ δ3/2). In 
the case of two-layered samples the power-law behavior will be different than the 
Hertzian power-law. Therefore, if experimental F–δ curves deviate from the Hertzian 
power-law and the fitted Hertzian elastic modulus depends on indentation depth, it may 
be indication of mechanical heterogeneity. 
 
4.6 Conclusions 
            In conclusion, we have proposed and verified a novel contact model to incorporate 
the heterogeneity of the soft elastic layered samples into the data analysis of raw data 
generated by AFM. The new model is based on an extension of the Sneddon model for an 
elastic layer on a half-infinite elastic substrate162. The elastic moduli of the top layer can 
be deconvoluted from the elastic moduli of the layer and the substrate, while the layer 
thickness and the substrate elasticity are known. The model is verified by experimental 
AFM based indentations on layered PDMS samples with elasticity mismatch. The 
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experimental results of the new model demonstrate that the elastic moduli obtained by 
fitting the raw data with the new model provide more accurate results compared to the 
elasticity of the homogeneous samples made with the same PDMS solution as the layer. 
We anticipate that our new model provides a theoretical framework to design 
experiments on heterogeneous samples and analyze the results obtained by such 
experiments.  
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5. BREAST CANCER-STROMAL INTERACTIONS INFLUENCE ECM 
REMODELING AND TUMORIGENICITY 
 
            The work in this chapter based on the manuscript under preparation; “Breast 
Cancer-Stromal Interactions Influence ECM Remodeling and Tumorigenicity” by 
Harpinder Saini, Kiarash Rahmani Eliato, Robert Ros, and Mehdi Nikkhah. The 
materials from the mentioned manuscript are used with the authors’ permission. 
Harpinder Saini developed together with Mehdi Nikkhah the model. Harpinder Saini 
was responsible for cell culture, sample preparation, condition media preparation, and 
performing and analysis of assay measurements. Kiarash Rahmani Eliato was 
responsible of mechanical measurements, data analysis, confocal and reflectance 
microscopy. This work was supported by a grant “NSF 1510700” awarded to Mehdi 
Nikkhah and Robert Ros. 
 
5.1 Introduction 
            In 2019, 15% of cancer deaths among US women were caused by metastatic breast 
cancer and breast cancer is the second cause of cancer death among women worldwide165 
demonstrating a need to determine new treatment avenues. It has been shown that the 
surrounding microenvironment of the cancer tumor has a significant role in 
transformation from benign stage to invasive and metastatic stage166.  Additionally, the 
cancer associated fibroblast (CAF) cells are the most abundant cell type in cancer tumor 
stroma167, 168 and are known to remodel the tissue matrix by depositing proteins such as 
collagen I169 which results in significant changes in the mechanical properties of the 
tissue169-172.  
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          The influence of CAFs on breast cancer growth and invasion has been studied in 
pervious researches by identifying the molecular mechanisms which enable CAFs 
tumorigenic activity173-175. These studies have limitations, for example, due to the 
complexity of the tissues it is not trivial to quantify the matrix deposition and stiffness of 
the matrix apart from the other components of the tissues. Additionally, some previous 
in vivo studies have measured the stiffness of cancerous biopsies by atomic force 
microscopy based indentations31, 176, however, the influences of the stromal and cancer 
cells on the matrix remodeling and stiffness cannot be measured by these methods due 
to the complexity of the tissue samples and lack of control samples177-180. Acerbi et al. 
showed that the stiffness of more aggressive cancer tissues is more heterogeneous 
compared to the stiffness distribution of less aggressive cancer tissues, their results 
suggest that the field lacks a more region-specific model176. In addition, in these in vivo 
models the stiffness of matrix and cancer cells cannot be measured independently apart 
from the tissue stiffness179. To avoid the limitation of these in vivo models, various 3D 
engineered tumor models are introduced to study the matrix properties, 3D cell culture, 
and migration139, 177, 181-183. However, these 3D engineered models lacks essential stromal 
cells such as CAFs vital to study the extracellular matrix (ECM) remodeling due to the 
interplay between cancer tumor and stromal cells. 
            To overcome these limitations, in this study, we utilized a microengineered 3D 
tumor model incorporating breast cancer cells where the stromal is made of collagen 
type I and embedded CAFs. AFM has a tremendous potential for studying the mechanics 
of soft 3D microengineered tissues236, 237. We used AFM based indentations to determine 
the effect of the stromal-cancer cells interplay on the mechanical properties of the 
microengineered 3D tissues. The dynamic changes of the ECM limit the applications of 
fluorescent microscopy techniques. As a result, we utilized confocal reflection 
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microscopy to assess the spatial order of the ECM remodeling and the collagen 
deposition by the CAFs. Confocal reflectance microscopy enables us to visualize the 
unstained collagen fibers238. The new 3D microengineered model enabled us to 
specifically target the ECM area for AFM stiffness quantifications, eliminating the chance 
of measuring cancer cells stiffness during the ECM measurements. Our AFM and 
confocal reflectance microscopy results demonstrate that the cross-talk between stromal 
and tumor cells play a crucial role in ECM stiffness enhancement, while the mechanical 
properties of mono-culture of the cancer cell lines ECM do not change significantly. 
 
5.2 Materials and Methods 
5.2.1 Cells 
            MDA-MB-231 cells expressing red fluorescence was obtained from Dr. Ros’s lab at 
Arizona State University. MCF-7 cells expressing red fluorescence were obtain from Dr. 
Mouneimne lab at University of Arizona. Breast cancer associated fibroblasts (CAFs) 
used in this study were bought from ATCC. All the cells were maintained in DMEM 1X 
media supplemented with 10% FBS, 1% PenStrep and 1% L-Glutamine. The cells were 
grown in T-75 flasks within an incubator maintained at 37°c and 5% Co2.           
5.2.2 Surface Treatment 
             The PDMS holders and stamps used to micropattern the platform was designed 
using    AutoCAD. The PDMS holders and stamps used to micropattern the platform was   
designed using AutoCAD. The dimensions of the holders were 8 by 8 mm such that they 
can fit within a well of 24 well plate. The PDMS stamps on the hand had 300 µm posts of 
75 µm diameter with 250 µm center to center distance. Each stamp had an array of 15 by 
15 posts in order to fabricate high density tumor microarray. PDMS holders and stamps 
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were casted off the silicon wafer using soft lithography techniques as explained 
previously139. For surface treatment of PDMS holders, they were cleaned using scotch 
tape and further treated with air-based plasma for the duration of 4 minutes 30 seconds. 
The treated holders were immediately immersed into freshly prepared 2% APTES 
solution in 95% ethanol and incubated at 60 °c for 60 minutes. Next, the APTES solution 
was aspirated and the holders were immersed in 100% ethanol and ultrasonicated for 20 
minutes at high frequency using water based ultrasonication. The ethanol solution was 
replaced with fresh 100% ethanol and washed 5 times consecutively with 10 minutes 
interval on a plate shaker to remove residual APTES. The treated holders were then 
incubated at 80° c for one hour. Next, the holders were incubated in 2% glutaraldehyde 
solution in DI water for one hour. To remove excess glutaraldehyde the treated holders 
were washed with DI water 5 times for 5-minute interval followed by overnight 
incubation at 80 °c. The confocal dishes were treated by PDL at concentration of 0.5 
mg/ml for 1 hour followed by 2% glutaraldehyde treatment. The dishes were then 
incubated at 80° c oven overnight. To make PDMS stamps protein resistant, they were 
immersed in 1% Pluronic F-127 solution in DI water overnight in 4° c. 
5.2.3 Fabrication of 3D Tumor Mode 
            Our micropatterned 3D tumor model was fabricated as explained previously by 
Nelson et.al. with brief changes184. Collagen I was used at the concentration of 4 mg/ml. 
For co-culture condition, CAFs were mixed with collagen I at the cell density of 2 x 106 
cells/ml. PDMS stamps were then removed from Pluronic solution and washed three 
times with DI water. The collagen solution prepared was then added to each stamp 
immediately and further inverted on top of the PDMS holders. The whole assembly was 
then kept for polymerization for 30 minutes at 37 °c. After polymerization of the gel, the 
stamps were lifted off gently and the microwells were seeded with cancer cells at a  
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density of 7 x106 cells/ml for 2-3 minutes.   
            The cells from unpatterned surface were removed by washing with media as 
explained in previous protocols184. The prepared samples were kept inside the 
incubator for 15 minutes to allow attachment of cells to collagen wells. After 15 minutes,  
Figure 5.1: Schematic of 3D microengineered breast cancer model as well as AFM and 
confocal reflectance microscopy. (A) Shows the steps of micropatterning of the ECM for 
mono- and co-culture of cancer cells with CAFs encapsulated in collagen I. (B) AFM 
probe approaches the sample from its open top. The AFM stage is mounted on an 
objective used to collect the confocal images. (C) Depicts a schematic of AFM frequency 
sweep viscoelasticity measurements. The AFM probe indents the sample and at the 
desired indentation depth a sinusoidal wave of 50 nm at different frequencies is applied 
and the force response of the sample is recorded. With the amplitude of the sinusoidal 
wave and the force response and their phase lag the viscoelastic properties are 
calculated.    
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the samples were immersed within 500 µl of media in each well of 24 well plate.  
5.2.4 Atomic Force Microscopy 
            Asylum Research MFP-3D-BIO AFM was used to conduct the force-indentation 
measurements. Team NanoTec LRCH-750 AFM probes with sphere-cone geometry were 
used. The spring constants (nominal k~0.2 N.m-1) were determined using thermal 
energy dissipation method67, 68. Samples were measured and imaged at 37 C in 1X Hank’s 
Balanced Salt Solution (HBSS) containing calcium and magnesium. The samples were 
also buffered with 25 mM HEPES to maintain their pH during the measurements. Quasi-
static measurements with cantilever approach and retraction speed 2 µm.s-1 were 
conduct to collect elastic modulus data. In 90µm×90µm area in the middle of four 
micro-wells a grid of 4×4 indentations were acquired by applying trigger force of 40-75 
nN which resulted in 10-17µm of indentation. The choice of trigger force was made to 
obtain desired indentation intervals. The first 10 µm of the force-indentation curves were 
fitted to a non-adhesive quasi-static contact model for a canonical indenter with a 
spherical tip that features continuous curvature at the transition point72   
                                                                   𝑏 = 𝑅 cos 𝜃                                                                   (5.1) 
                                                        𝛿(𝑎 ≤ 𝑏) = @& 𝑎ln >u>                                                         (5.2) 
                                    𝐹(𝑎 ≤ 𝑏) = 	 w(@ux\) @& (𝑎& + 𝑅&)ln >u> − 𝑎𝑅                                     (5.3) 
                              𝛿(𝑎 > 𝑏) = 𝑎ln  >√\uN\√>\uN\ + 𝑎 cosu@ N> cot 𝜃                                 (5.4) 
𝐹(𝑎 > 𝑏) = w(@ux\) 𝑎& cot 𝜃 cosu@ N> + 𝑏 cot 𝜃√𝑎& − 𝑏& − 𝑎𝑅 + (𝑅& − 𝑏&)(𝑎& − 𝑏&) +
																											𝑎& ln  >√\uN\√>\uN\ − \& ln >\\uN\u(\uN\)(>\uN\)\N\(>)\                           (5.5) 
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            Dynamic measurements, with the same probe approach and retraction speed, 
were conducted to collect viscoelastic data. In the same 90µm×90µm area of each quasi-
static measurement a grid of 2×2 indentations was acquired by applying trigger force of 
3-7 nN which resulted in 1.5-6µm of quasi-static indentation. At the quasi-static 
indentations depth (δ0) oscillatory part of indentation (δ(ω)), with amplitude of 50 nm, 
at different angular frequency (ω) was applied by oscillating the z-piezo and measuring 
the oscillatory force respond of the sample. Later, amplitudes of force and indentation 
oscillation along with the phase lag between force-time and indentation-time curves 
were analyzed by the dynamic contact model derived from (Eq. 5.5) to calculate the 
viscoelastic properties of sample (i.e. complex modulus). The dynamic experiment is 
carried out at frequencies (1, 3.16, 10, 21.54, 31.62, 46.42, 100 Hz) [see APPENDIX B]. 
                  𝐺<=y=fL=∗ (𝜔) = 𝐺¥(𝜔) + 𝑖𝐺"(𝜔) = @u¨'>,ý³´µ¶µk­®µ ©()() − 𝑖𝑏þ4𝜔                     (5.6) 
where quasi-static contact radius 𝑎4,<=y=fL= is the solution of Eq. 5.7. 
                                𝛿4 = 𝑎4ln ¸ >√\uN\>\uN\¹ + 𝑎4 cosu@  N> cot 𝜃                                    (5.7) 
5.2.5 Confocal Reflectance Microscopy 
             Picoquant Microtime 200 confocal laser scanning microscope was used to obtain 
reflectance microscopy images. Each reflectance scan was 80µm×80µm, 512×512 pixels 
(156nm/Pixel) and tool approximately 2.5 minutes. A 60×, 1.1 NA, 1.5 mm W.D. water 
immerse objective was used (Olumpus LUMFL60X). Continuous blue diode laser (ex: 
470 nm) was used to illuminate the sample and the reflected light was collected and went 
through a 30 nm pinhole and was detected by a single-photon counting modulus 
Picoquant PDM series). Intensity micrograph of the scans are constructed in the 
operating software (Picoquant SymphoTime). 
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5.2.6 Conditioned Media Experiments 
             MDA-MB-231 and MCF-7 cells were cultured within our model in both mono-
culture and co-culture condition for 4 days and media was collected on day 2 and day 4. 
The conditioned media was them centrifuged at 4000 RPM for 10 minutes at 4°c to 
remove any cell debris and further stored in -80 °c. To study the interactions between 
tumor and stromal cells, CAFs were cultured in mono-culture condition within our 3D 
model for 4 days. Right after initial AFM measurement of the CAF only samples on day 
0, day 2 conditioned media were added. The measurements were repeated on day 2 for 
the same samples followed by incubation in day 4 conditioned media and final 
measurement on day 4. 
5.2.7 Statistical Analysis 
            Experiments were repeated three times with three samples per experimental 
group. Elastic modulus data was analyzed using two-way ANOVA with Sidak’s multiple 
comparison test. All other data was analyzed using paired t-test. p value less than 0.05 
was considered significant for all the results. The statistical analysis and data  
Figure 5.2: Confocal reflectance images of mono- and co-culture 3D samples of MDA-
MB-231 and MCF-7 ECM. (A) Representative confocal reflectance images showing 
collagen deposition for MCF-7 samples over culture period of 4 days. (B) Representative 
confocal reflectance images showing collagen deposition of MDA-MB-231 samples over 
culture period of 4 days. Bars represent 10 µm. 
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representation were performed using GraphPad Prism v 7.0. All the data was presented 
as mean ± standard deviation. 
 
5.3 Results   
5.3.1 ECM Remodeling Characterization 
            We used micropatterning technique to microengineer the 3D breast cancer model 
with the tumor cells surrounded by the stromal cells in 3D. PDMS stamps were used 
tofabricate the arrays of microwells within the Collagen I (Fig. 5.1A). The stromal region 
is made of CAFs embedded in collagen I and the tumor region were fabricated by seeding 
the microwells with breast cancer cells (MDA-MB-231, MCF7, Fig. 5.1A). Control 
samples were made by mono-culture of the cancer cells and the ECM made of only 
collagen. Atomic Force Microscopy was used to assess the mechanical properties of the 
ECM (Fig. 5.1B).  
            Our 3D model has advantage that we can quantify mechanical changes in the 
properties of the ECM due to the cancer and stromal cells cross talk. We utilized AFM 
based indentations and confocal reflect ance microscopy to quantify and visualize the  
Figure 5.3: Elastic moduli results of mono- and co-culture groups as well as CM 
measurements. (A) Elastic moduli result of MDA-MB-231 and MCF-7 cells lines in 
mono- and co-culture with CAFs over 4 days of culture. (B) Elastic moduli result of only 
CAFs samples with mono- and co-culture MDA-MB-231 CM. (C) Elastic moduli results of 
only CAFs samples with mono- and co-culture MCF-7 CM. 
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biomechanical changes in the ECM (Fig. 5.1B). The collagen fiber density did not 
increase significantly from day 0 to day 4 of culture for mono-culture of both cancer cell 
lines (Fig. 5.2A and 5.2B). However, the collagen density of samples with co-culture of 
cancer cells with CAFs increased significantly during the 4 days of culture (Fig. 5.2A and 
5.2B). Figure 5.3A shows the elastic modulus results of the experimental groups on day 
0, 2, and 4 of culture. At day 0 of culture there was no significant difference in the elastic  
Figure 5.4: Shear storage and loss moduli results of mono- and co-culture of MDA-MB-
231, MCF-7, and only CAFs groups. (A) Shear storage and loss moduli of MDA-MB-231 
in mono- and co-culture with CAFs over 4 days of culture. (B) Shear storage and loss 
moduli of MCF-7 in mono- and co-culture with CAFs over 4 days of culture. (C) Shear 
storage and loss moduli of mono-culture of CAFs over 4 days of culture. 
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moduli of the mono- and co-culture samples of the both cell lines. The mono-culture of 
both cell lines showed no significant changes in their stiffness throughout the 4 days of 
culture (Fig. 5.3A, blue mono-culture of MDA-MB-231, magenta monoculture of the 
MCF7). However, the matrix stiffness of the co-culture of both cell lines undergo a 
significant increase from day 0 to 2 and from day 2 to day 4 of culture (Fig. 5.3A, red co-
culture of MDA-MB-231, yellow co-culture of MCF7). Our results show that the elastic 
modulus of the co-culture condition of both cell lines was progressive throughout the 
Figure 5.5: Loss tangent results of mono- and co-culture of MDA-MB-231, MCF-7, and 
only CAFs groups. (A) Loss tangent of MDA-MB-231 in mono- and co-culture with CAFs 
over 4 days of culture. (B) Loss tangent of MCF-7 in mono- and co-culture with CAFs 
over 4 days of culture. (C) Loss tangent of mono-culture of CAFs over 4 days of culture. 
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days of culture; the elastic modulus of the mono-culture condition of both cell lines did 
not increase significantly. Our results demonstrate that a cross talk between cancer and 
stromal cells results in alteration of the ECM stiffness, collagen deposition, and the ECM 
remodeling   
            We performed AFM based frequency sweep viscoelasticity measurements to 
further our understanding of the biophysical changes of the ECM by the tumor-stoma 
cross talk (Fig. 5.4 and 5.5). The shear storage moduli G’ of the co-culture of both cell 
lines with CAFs experienced a significant increase during the days of culture (Fig. 5.4A 
red curves for MDA-MB-231, 5.4B red curves for MCF7). However, the shear storage 
moduli G’ of mono-culture of both cell lines did not experience such an increase (Fig. 
5.4A blue curves for MDA-MB-231, Fig 5.4B blue curves for MCF7). The shear storage 
modulus shows the elasticity of the sample. The shear loss moduli of the mono- and co-
culture of both cancer cell lines with CAFs did not show a significant increase throughout 
the days of culture (Fig. 5.5A for MDA-MB-231, Fig. 5.5B for MCF7, Fig. 5.5C for only 
CAFs). This result shows that, within our 3D microengineered tumor model, cancer cells 
invasion into the ECM does not change the viscose properties of the ECM.  
5.3.2 Assessment of Tumor-stromal Cross Talk for ECM Remodeling 
            Our mechanical measurements and ECM fibers images demonstrated that the 
cross talk between tumor and stroma cells influences the stiffness of the matrix. Next, we 
studied the process of this cross talk, whether soluble cue release and absorbed by the 
sample cells influence and initiate the ECM remodeling. We collected condition media 
(CM) from mono- and co-culture of MDA-MB-231 and MCF7 cells and add them onto 
samples of mono-culture of CAFs (only CAFs encapsulated in collagen I). Later, we 
measured the elastic modulus of the only CAFs samples’ matrix. Figure 3 shows the CM  
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elastic moduli result for MDA-MB-231 (Fig. 5.3B) and MCF7 (Fig. 5.3C) cell lines. The 
matrix stiffness of only CAFs samples increased significantly from day 0 to 2 and day 2 to 
4 of culture when CM from mono-culture of both cell lines was added to the samples on 
day 0 and day 2 of culture (Fig. 5.3B blue bars for MDA-MB-231 mono-culture CM, Fig. 
5.3C blue bars for MCF7 mono-culture CM). However, the CM from co-culture of both 
cell lines did not initiate stiffness enhancement of the only CAFs matrixes (Fig. 5.3B red 
bars for MDA-MB-231 co-culture CM, Fig. 5.3C red bars for MCF7 co-culture CM). Our 
CM results show that the tumor-stroma cells cross talk in a unidirectional 
communication by the tumor cells with releasing biochemical cues that are absorbed by 
CAFs enabling them to initiate the ECM remodeling.   
5.3.3 Assessment of Tumor-stromal Cross Talk Cues 
            The CM mechanical properties results indicate that the cues released by the 
cancer-stromal cells crosstalk have significant presence in mono-culture CM of cell lines. 
Therefore, Harpinder Saini performed Elisa measurements on both mono- and co-
Figure 5.6: Elastic moduli results for mono-culture of CAFs treated with CP-673451. (A) 
Shows the elastic moduli of the matrix for MDA-MB-231 mono-culture CM with and 
without CP-673451 for the drug and control groups. (B) Shows the elastic moduli of the 
matrix for MCF-7 mono-culture CM with and without CP-673451 for the drug and 
control groups.  
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culture CM of cell lines. The Elisa results demonstrate that platelet-derived growth factor 
(PDGF) ligands (PDGF AA and PDGF BB) concentration was higher in mono-culture CM 
compared to co-culture CM of the cell lines. PDGF is a stroma-modulating growth factor 
that is released by cancer cells244 which can result in stromal reactions245. In this light, we 
studied the effect of the PDGF ligands on the ECM remodeling by AFM nanoindentations 
and CP-673451 drug. CP-673451 is a platelet-derived growth factor receptor inhibitor 
that specifically target the PDGF ligands receptors246. We measured the stiffness of 
mono-culture of CAFs on day 0, 2, and 4 of culture. After each measurement, CM with 
CP-673451 inhibiter was added to the drug group, while only CM was added to the 
control group. Figure 5.6 shows the matrix elastic moduli of the control and the drug 
groups for CM extracted from both cell lines. The matrix elastic moduli of the control 
groups for both cell lines CM increased significantly throughout the days of culture. On 
the other hand, the samples with 1 µM of CP-673451 in the mono-culture CM did not 
show significant increase in the elastic moduli of the matrixes.  
 
5.4 Discussion  
            The role of ECM stiffness in cancer progression has been investigated in vivo and 
in vitro studies139, 185-187, For example, a recent 3D in vitro study showed that the breast 
cancer microenvironment and the matrix stiffness regulate the activity and fate of breast 
cancer cells236, However, there has not been many studies on the role of cancer-stroma 
cell interplay on the stiffness of the ECM139, 185-187. In this work we developed a 3D 
microengineered model with open top which enabled us to utilize AFM nanoindentations 
to quantify the stiffness of the ECM while the stroma and tumor cells were cross talking. 
The results showed that once the tumor cells (MDA-MB-231, MCF-7) are cultured with 
the CAFs encapsulated in the collagen I there is a significant enhancement of the ECM 
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stiffness. While, we did not observe such behavior for mono-culture of cancer cells in 
collagen I. Studies, performed by AFM nanoindentations, on breast and pancreatic 
cancer tissues demonstrated that the adjacent peripheral regions of the tumors, where 
collagen alignment is significant, are stiffened31, 239. The ECM stiffness results suggest 
that the cross talk between tumor cells and CAFs is vital to initiate the ECM remodeling, 
resulting in the stiffness enhancement of the matrix. Recent AFM based studies of the 
cancer tumor microenvironments suggest that the remodeling of ECM components, 
specifically in collagen, results in tumor stroma stiffening29, 240, 241.  In addition to the 
ECM stiffness results, the CM experiments revealed that tumor and stromal cells cross 
talk through soluble factor cues which enable the CAFs to remodel the ECM and increase 
its stiffness. The mono-culture CM the both cell lines enabled the CAFs to remodel the 
ECM of only CAFs samples, while the co-culture CM did not initiate the same process. 
Consequently, the Elisa assessment of mono- and co-culture CM of the cell lines revealed 
that PDGF ligands had significant presence in mono-culture CM, while they had lower 
concentration in co-culture CM. In order to verify this finding, we utilized CP-673451, a 
platelet-derived growth factor receptor inhibitor, to study the effect PDGF ligands on the 
matrix. Our results demonstrated that 1µM of CP-673451 stopped the remodeling and 
stiffness enhancement of the ECM. This finding proves that the crosstalk between the 
CAFs and cancer cells is regulated by PDGF ligands. 
 
5.5 Conclusions 
            We have investigated the interplay between cancer-stromal cells and its effect on 
the metastatic cancer invasion. The tissue was fabricated by a new novel 3D 
microengineered tissue model, enabling us to observe the dynamic changes of the 
microengineered tissues in a controlled environment. The AFM and confocal reflectance 
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microscopy were utilized to quantify and visualize the changes in the mechanical 
properties of the ECM. The results demonstrated that the cancer-stromal cells interplay 
resulted in ECM remodeling and stiffness enhancement. Moreover, we studied this 
process by extracting the condition media from mono- and co-culture of cancer cell lines 
and adding them to mono-culture of CAFs. The results indicate that the CAFs receive a 
chemical cue released by the invading cancer cells, which enable them to remodel the 
ECM. The cues were identified to be PDGF ligands, and their role in ECM remodeling 
and stiffness enhancement was investigated by a PDGF inhibitor. 
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6. THE ROLE OF DESMOPLASIA AND STROMAL FIBROBLASTS ON ANTI-
CANCER DRUG RESISTANCE IN A MICROENGINEERED TUMOR MODEL 
 
            The work of this chapter is published in the paper; "The Role of Desmoplasia and 
Stromal Fibroblasts on Anti-cancer Drug Resistance in a Microengineered Tumor 
Model." by Harpinder Saini, Kiarash Rahmani Eliato, Casey Silva, Mayar Allam, Ghassan 
Mouneimne, Robert Ros, and Mehdi Nikkhah in Cellular and Molecular 
Bioengineering 11, no. 5 (2018): 419-433. The materials from the mentioned paper are 
used with the author’s permission. Harpinder Saini was responsible for cell culture, 
sample preparation, and performing and analysis of assay measurements. Kiarash 
Rahmani Eliato was responsible of mechanical measurements, data analysis, and 
confocal microscopy. This work was supported by the grant “NSF 1510700” awarded to 
Mehdi Nikkhah and Robert Ros. 
 
6.1 Introduction 
            Breast cancer is the second cause of cancer death among women worldwide165. 
Patients diagnosed with breast cancer have a high survival rate if the diagnosis happens 
at the early stages of the disease; however, once the cancer becomes invasive and reaches 
the metastatic phase, the outcome of therapy is not as successful165. It has been widely 
studied in the literature that the tumor microenvironment has a significant influence on 
cancer tumor progression and its resistance to anti-cancer therapy during the metastatic 
stage188-192. Among the causes of anticancer drug resistance, the cancer 
microenvironment is the least studies one. The complex solid microenvironment of a 
cancer tumor reduces the chance of chemotherapeutic drugs delivery at a lethal dosage 
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to the cancer cells192. The crosstalk between the stromal and cancer cells regulate 
mechanisms such as reduced cell death, enhanced proliferation, and invasion which 
induce therapy resistance193, 194. As a result, new therapies target the stromal region along 
with the chemotherapeutics192. 
            Cancer associated fibroblasts (CAFs) make up the majority of stromal cells 
within the breast tumor microenvironment195. CAFs deposit and align abundant amount 
of ECM proteins such as collagen within the tumor microenvironment, while mammary 
fibroblasts do not show such behavior196, 197. The remodeling of ECM caused by CAFs 
increase the stiffness of the stroma which promote the tumor cell invasion, enhance 
proliferation; in addition, remodeling of ECM regulates integrin and focal adhesion 
kinase (FAK) and reduces the functional efficacy of drugs198-203.  
            The effect of anti-fibrotic drugs that directly target desmoplastic stroma has been 
widely studied in the literature175, 204-208. However, most of them studied the effect of 
these drugs on tumor growth and invasion in tw0 dimensions (2D) monolayer of cancer 
cell cultures204, 209-215. The extracellular matrix can alter many functions of 3D cell 
cultures compared to 2D cell cultures234. 2D models cannot incorporate the mechanical 
properties of the extracellular, nor the effect of extracellular matrix on drugs delivery192, 
234. At the same time, in vivo animal models lack crucial intrinsic characteristics since 
the physiological aspects of animal and human models are different177, 216.  
            Microengineered 3D models provide an exceptional platform to mimic the 
complexity of tumor microenvironment177 and can serve as a method to overcome the 
previously mentioned limitations. In addition, a microengineered tumor model can be 
fabricated on a coverslip which provide an excellent platform for in situ imaging due to 
the transparency and spatial order of the samples235. The open top nature of the 
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microengineered 3D models enables AFM probes to contact the ECM directly from the 
top and measure the mechanical changes within cell and stromal matrix177. In this work 
we developed a three-dimensional microengineered with embedded tumor cells within 
the microwells and ECM made with collagen type I and stromal cells to more adequately 
mimic the in vivo environment. In this platform we reach and probe the 
microengineered 3D ECM with atomic force microscopy (AFM) to quantify the ECM 
stiffness over several days of culture. We studied the effect of combinatorial action of 
anti-fibrotic drug tranilast and doxorubicin on ECM remodeling.      
 
6.2 Materials and Methods 
6.2.1 Cell Culture 
            We utilized three different breast cancer cell lines namely MDA-MB-231, MCF7 
and MCF10A. MDA-MB-231 and MCF10A cells were transduced to express tdTomato 
fluorescence, provided by McCarty lab (Oregon Health & Science University). MCF7 cells 
were acquired from Mouneimne lab at University of Arizona Cancer Center and 
expressed mCherry fluorescence. CAFswere purchased as an immortalized cell line from 
ATCC (HTB-125, CAFs were isolated from human mammary gland tissue peripheral to 
invasive ductal carcinoma). MDA-MB-231, MCF7 and CAFs were cultured in DMEM 1X 
media supplemented with 10% FBS, 1% PenStrep and 1% l-glutamine. MCF10A cells 
were maintained in a DMEM: F12 supplemented with 1% l-glutamine, epidermal growth 
factor, cholera toxin, hydrocortisone, insulin and 5% horse serum. The cell lines were 
cultured within T-75 flasks and maintained at 37 °C and 5% CO2 with growth media 
changed every 2 days. The passage number used for various experiments for different 
cell lines are as listed below: MDA-MB-231 (17-22), MCF7 (5-9), MCF10A (10-13), CAFs 
(54-62). 
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6.2.2 The 3D Tumor Model 
            The 3D microengineered ECM was fabricated using micromolding techniques184. 
PDMS stamps and holders were fabricated using soft lithography techniques. PDMS 
stamps and holders were prepared by mixing SYLGARD Silicone Elastomer Base and the 
SYLGARD Silicone Elastomer curing agent in the ratio of 10:1. The mixture was 
vacuumed to remove air bubbles and then was poured on a silanized silicon wafer and 
Figure 6.1: Summery of 3D microengineered platform (A) Illustration of the 
microfabrication steps of the 3D microengineered tumor model. (B) 3D illustration of 
the micropatterned breast tumor sample. (C) Illustration of the proposed hypothesis of 
the study (Figure adapted from reference 121). 
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degassed for 30 minutes and later was incubated at 80 °C overnight. PDMS holders were 
plasma cleaned with an air-based plasma for 4 minutes and then immersed in 2% of 2-
(aminopropyl) triethoxysilane (APTES) prepared in 95% ethanol. The PDMS 
holderswere incubated in APTES at 60 °C for 1 hour. The PDMS holders were sonicated 
in 100% ethanol solution using a water-based ultrasonic bath for 20 minutes to remove 
the unbound APTES. The holders were washed with 100% ethanol in five intervals and 
each interval for 10 minutes and then incubated at 80 °C for 1 hours. PDMS holders were 
incubated in 2% glutaraldehyde (GA) at room temperature for 1 hour to allow covalent 
immobilization of collagen I. GA was removed by five washes with DI water and each 
wash for 5 minutes and then incubated overnight at 80 °C. PDMS stamps were incubated 
with 1% Pluronic F-127 solution to make them protein-repellant. 
            CAFs (cell density of 2 × 106 cells/mL) were mixed with Rat tail collagen I 
(corning, concentration of 4 mg/mL) and the mixture was used to fabricate the 
microengineered ECM (Fig. 6.1a). PDMS stamps were removed from pluronic solution 
and washed three times with DI water. The collagen solution was added on top of each 
stamp and inverted on top of the surface treated PDMS holders (Fig. 6.1a). The sample 
was incubated at 37 °C for 30 minutes to initiate the polymerization (Fig. 6.1a). 
Afterward, the stamp was lifted off and the microwells were seeded with cancer cells 
(density of 7 × 106 cells/mL) for 2–3 minutes (Fig. 6.1a). The surface of samples was 
washed multiple times with media to remove the cells from unpatented surface. The 
samples were incubated for another 15 minutes to ensure the seeded cells were attach to 
the collagen wells. Subsequently the samples were immersed in 500 µL of media in 24 
well plate overnight. After one day of culture, samples were kept for another two days of 
culture in freshly prepared media with drugs added. The experimental groups included 
control (i.e., MDA-MB-231 + CAFs without drug), DMSO (0.62% DMSO + MDA-MB-
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231 + CAFs), tranilast (620 µM tranilast + MDA-MB-231 + CAFs), doxorubicin (280 nM 
doxorubicin + MDA-MB-231 + CAFs) and tranilast + doxorubicin (620 µM tranilast + 
280 nM doxorubicin +MDA-MB-231 + CAFs). 
6.2.3 Atomic Force Microscope (AFM) Based Mechanical Characterization 
            The elastic modulus (i.e., stiffness) of the matrix was measured on day 1 of culture 
before addition of drug and followed by another round of measurement on day 3 of the 
culture (after 48 h of the treatment). The matrix stiffness was measured by indenting 
MDA-MB-231 free areas within the platform and convoluting elastic moduli of ECM and 
CAFs since fibroblasts have been shown to match the stiffness of the substrate36. Force-
indentation (F-δ) curves were recorded with a commercial atomic force microscope 
(MFP-3D-BIO AFM, Asylum Research, Santa Barbara CA, USA) using sphere-conical 
probes (knominal = 0.2 N/m, LRCH, Team Nanotec, Germany) with a half cone angle of 
18.8° and apex radius of 850 nm. F-δ curves were collected in 4 × 4 grids as force maps 
in an area of 90 µm × 90 µm located in the center between four wells at 37 °C with 
indentation speed of 2 µm s−1. The trigger force was selected to be 60–80 nN resulting in 
indentation depths of at least 10 µm. The spring constant of each cantilever was 
determined before the experiment by thermal noise method. Three force maps per 
sample per day were collected. The first 10 µm indentation of each force distance curve 
was fitted to a non-adhesive elastic contact model for a conical indenter with a spherical 
tip72. Data analysis was done using MATLAB. The poison ratio of collagen was assumed 
to be νcollagen = 0.5. 
6.2.4 Statistical Analysis 
            Unless otherwise stated, all experiments were repeated three times with three 
technical replicates per condition. The elastic moduli data were analyzed using two-way 
ANOVA with Sidak’s multiple comparison test. Due to unavailability of samples for some  
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groups in few experiments, the statistical analysis was reported for EdU and Tunnel 
assay using ordinary one-way ANOVA. p value less than 0.05 was considered significant 
for all the results. The statistical analysis and data representation were performed using 
GraphPad Prism v 7.0. All the data was presented as mean ± standard deviation. 
 
6.3 Results 
6.3.1 Microengineering of the 3D Breast Tumor Model  
            The microengineered tumor model was fabricated by micromolding technique. 
The ECM was fabricated by encapsulating CAFs within collagen I hydrogel and the  
 
Figure 6.2: ECM elastic moduli results. (a) Back reflected light confocal and 
immunofluorescent images of collagen I within 3D matrix for all experimental groups. 
(b) ECM elastic moduli of all experimental groups on day 1 (before addition of drugs) 
and day 3 (after addition of drugs). (c) Matrix elastic moduli values for all experimental 
groups on day 1 and 3 of culture. All values represent mean ± standard deviation. Scale 
bars represent 20 µm. *Represents p value < 0.05 (Figure adapted from reference 121). 
84 
 
 
tumor region was microengineered by arrays of microwells within collagen I hydrogel 
and seeding tumor cells (MDA-MB-231) within the microwells (Fig. 6.1a). The tumor and 
ECM regions with stromal cells were organized in such a way to mimic the organization 
of tumor microenvironment, as a result, we were able to study the invasive, proliferation 
behavior of tumor cells, and the change in mechanical properties of the ECM. The 
selection of the experimental groups enabled us to study the influence of tranilast and 
doxorubicin and their combination (as well as the control group) on remodeling of 
Figure 6.3: Histograms and 2D color-maps of ECM moduli results. (a) Histograms 
representing distribution of elastic moduli of the stromal matrix of all groups. (b) 
Stiffness color-maps of all experimental groups taken in areas of 90 µm × 90 µm located 
in the center between four wells (Figure adapted from reference 121). 
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matrix properties and tumor progression.  To avoid the high traction force applied by 
CAFs on collagen I we selected the total culture time of this study to be 3 days.  
6.3.2 Mechanical Characterization of Desmoplasia 
            The 3D microengineered breast model enabled us to study the change of the 
mechanical properties of samples in real time during the tumor cells invasion. We 
utilized AFM-based microindentation to measure the changes in stiffness of the matrix 
on day 1 (before adding the drugs) and on day 3 of culture (after 48 hours of drug 
treatment). The ECM of the control samples demonstrated higher density of collagen I as 
compared to the samples treated with the combination of drugs (Fig. 6.2a). In addition, 
the matrix elastic moduli measurements showed the same pattern (Fig. 6.2b and 6.2c). 
The elastic moduli of both control and DMSO increased significantly from day 1 to day 3 
of culture (Econtrol, day 1 = 1.67 ±0.49 kPa, Econtrol, day 3 = 4.25 ±1.26 kPa, EDMSO, day 1 = 1.76 ± 
0.46 kPa, EDMSO, day 3 = 3.53 ± 1.07 kPa). The matrix stiffness of tranilast, doxorubicin, 
and tranilast + doxorubicin treated groups however did not change significantly from day 
1 to day 3 of culture (Figs. 6.2b and 6.2c). The ECM elastic modulus of the 
tranilast + doxorubicin group on day 3 of culture was significantly lower than the control 
and DMSO group elastic modulus on day 3 (Econtrol, day3 = 4.25 ± 1.26 kPa, EDMSO, day3 = 
3.53 ± 1.07 kPa ETranilast+Doxorubicin, day3 = 2.16 ± 1.03 kPa, Fig. 6.2c). The ECM stiffness 
results suggest that the the efficiency of the treatment is enhanced when two drugs were 
added together to the model. Figure 6.3a and 6.3b show the histograms and 2D color-
maps results of the indentations on the all experimental groups matrix on day 1 and day 
3 of culture. Stiffness histograms on day 1 demonstrated similar unimodal distributions 
as described by Plodinec et al. for normal tissues (healthy human and MMTV-PyMT 
mice biopsies)31. Elastic moduli histogram of control group on day 3 of culture showed 
multiple-peaks distribution.  Bimodal broad stiffness distribution, similar to control 
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group, has been associated with cancer biopsies and it demonstrates a mechanical 
heterogeneity in the tissue31. However, the experimental groups treated with drugs in our 
study showed narrower stiffness histogram on day 3 which may associate with a 
reduction in the interplay between CAFs and tumor cancer cells.  
 
6.4 Discussion 
            We study the influence of anti-fibrotic drug tranilast, doxorubicin, and their 
combination on alteration of cancer tumor microenvironment and their effect on 
desmoplasia, tumor growth and cancer cell invasion. Studies have suggested that 
cancer cells initiate a process by which stromal cells such as fibroblasts surrounding 
cancer cells alter the tumor microenvironment. The result of this interplay is that the 
tumor microenvironment will be more suitable for tumor progression195, 197. In addition, 
fibroblasts cells are suggested to become activated in presence of cancer tumor cells 
resulting in remodeling of the tumor microenvironment and matrix stiffness 
incensement195, 197. On the contrary, tissue stiffness reduction caused by inhibition of 
collagen crosslinking prevented the tumor progression in a murine model for breast 
cancer242. In this light, our model incorporates CAFs and collagen I to microengineered 
ECM seeded with cancer cell in arrays of fabricated microwells mimicking the cancer 
tumor. The proposed model with precise tumor-microenvironment mimics the behavior 
of cancer tumor and the microenvironment successfully adopt the fundamental features 
of cancer stromal region by adopting CAFs and protein-enriched ECM made by collagen 
I219.   
Tissue stiffness contributes to the rate of tumor progression and the tumor 
chemotherapy resistant243. As a result, we utilized tranilast to disable the desmoplastic 
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activities of CAFs within the microenvironment. In addition, we studied the dynamic 
change of mechanical properties of the ECM during the cancer progression and the effect 
of tranilast therapy on this process. Studies In our study we observed sample group 
treated with combination of tranilast and doxorubicin showed lower increase in the 
stiffness of the ECM from day 1 to day 3 of culture (treatment time of 48 hours) 
compared the control group stiffness measured in the same culture time. Also, confocal 
back reflation microscopy images showed the density and alignment of ECM fibers was 
reduced for experimental group treated with combination of drugs. 
            Application of AFM and confocal reflectance microscopy along with our 3D 
microengineered tumor model provide a unique platform to study the effect of CAFs, 
tranilast, and doxorubicin treatment on cancer progression and drug resistance. We were 
able to image and quantify the mechanical changes within the microengineered tumor 
ECM. 
 
6.5 Conclusions  
            In this work we studied the effect of anti-cancer and anti-fibrotic drugs on the 
cancer tumor invasion and ECM remodeling, within our novel 3D microengineered 
tissue model. The mechanical properties of the tissues were investigated by AFM based 
indentations. The label free nature of confocal reflectance microscopy enabled us to 
visualize the ECM fibers during the remodeling. The results indicated that the 
combination of both drugs reduce the ECM stiffness enhancement and the cancer 
invasion rate. Our results provide a platform to study cancer treatments.  
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7. THREE-DIMENSIONAL TISSUE MODEL WITH REVERSIBLE TUNABLE 
STIFFNESS 
            
            This chapter presents a three-dimensional DNA-based tissue model with 
reversible stiffness. Harpinder Saini prepared the hydrogel samples and performed 
fluorescent imaging. Nicholas Stephanopoulos and Alex Buchberger designed the DNA 
strand structures. Alex Buchberger prepared the DNA strands. Kiarash Rahmani Eliato 
was responsible of mechanical measurements and data analysis. 
 
7.1 Introduction 
            Within the tissues, cells live in microenvironments that constantly undergo 
changes226. Cells can sense their surrounding microenvironment stiffness229. Previous 
studies have demonstrated that the mechanical properties of the microenvironment 
influence cells functions for example, cell growth and death227, cell migration228. These 
studies utilized substrates with static-stiffness. However, cells can modify their 
microenvironment and enhance the extracellular matrix stiffness121, 232(see §5). In order 
to overcome the static-stiffness limitation of the previously proposed 3D models, DNA-
crosslinked hydrogels were introduced230, 231. In these models, DNA strands crosslink the 
polymer chains. DNA-based hydrogel models provide a unique feature for tissue 
engineering to enhance the stiffness of microenvironment and study the effect of the 
stiffness change on the cell functions. However, once the hydrogel stiffness is increased 
by introducing the DNA strands, it is very difficult to de-stiffen the hydrogels231. Lin et al. 
applied a voltage to the DNA-enhanced hydrogels to detach the DNA strands231, which 
made the model unsuitable for 3D cell culture.  
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            In this work we developed a novel hydrogel based on gelatin modified with single-
stranded DNA handles, allowing us to tune the stiffness reversible in the physiologically 
relevant range by using DNA-based crosslinkers. Complimentary DNA strands are used 
to enhance the stiffness of the hydrogels, while displacement DNA strands are used to 
detach them and de-stiffen the hydrogels. We present the underlying concepts of the 
hydrogel design, the compatibility of the novel gels for 3D cell culture and 
quantifications of the Young’s moduli. 
 
7.2 Materials and Methods 
7.2.1 DNA Methacrylate 
            All DNA strands were purchased from IDT. Amine modified strands were 
functionalized to create methacrylate DNA by dissolving DNA in 1xPBS pH 7.5 then 
reacting with 40 molar excess of methacrylic anhydride at 370C for 1 hour. Immediately 
following the 1 hour mark the reaction was quenched in 15ml of 1x PBS pH 9.0. Reaction 
was subsequently concentrated in a molecular weight cutoff filter and purified via RP-
HPLC. Methacrylated DNA was confirmed via MALDI-ToF MS. 
7.2.2 Synthesis of Gelatin Methacrylate (GelMA)                                                        
            Gelatin Type A, obtained from porcine skin, was mixed with Dulbecco’s phosphate 
buffered saline (DPBS) in the ratio of 1:10 and stirred for 1 hour at 50 °c. Methacrylic 
anhydride was then added slowly at a concentration of 0.8 ml/g of gelatin with 
continuous stirring of the solution. The reaction was allowed to proceed for 3 hours and 
then stopped by adding warm PBS to the solution. The mixture was then dialyzed for one 
week against DI water by using 12-14 KDa molecular cut off dialysis tubing. After 
dialysis, the resultant solution was passed through membrane filter of 0.2 µm and stored  
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at -80 °c. The solution was lyophilized for one week before experimental measurements.  
7.2.3 GelMA Sample Preparation    
            GelMA samples were prepared on glass slides coated with 3-(trimethoxysilyl) 
propyl methacrylate (TMSPMA; Sigma) to promote the attachment of the hydrogel to the 
substrate for subsequent measurement. Solution of 5% GelMA was prepared in 0.5% 
photoinitiator mixed with PBS at 37°C. GelMA solution was divided into aliquots of 100 
µl. DNA crosslinker (stock concentration= 1mM) and DNA methacrylate (stock 
concentration= 440 uM) were added at desired concentration of 0, 2, 5, 10 and 20 µM. 
DNA methacrylate and DNA crosslinker were added at equal concentrations. A drop of 
GelMA solution was then added on top of a custom-made spacer with thickness of 100 
µm and covered with TMSPMA glass slide. The samples were finally exposed to 
ultraviolet (UV) light (800mW, 360-480 nm) for 4 seconds. The samples were stored in 
PBS for subsequent AFM measurement 
7.2.4 Atomic Force Microscopy 
            Asylum Research MFP-3D-BIO AFM was used to conduct the force-indentation 
measurements. Team NanoTec LRCH-750 AFM probes with sphere-cone geometry were 
used. The spring constants (nominal k~0.2 N.m-1) were determined using thermal 
energy dissipation method67, 68. Samples were measured and imaged at 37 C in 1X Hank’s 
Balanced Salt Solution (HBSS) containing calcium and magnesium. The samples were 
also buffered with 25 mM HEPES to maintain their pH during the measurements. Quasi-
static measurements with cantilever approach and retraction speed 2 µm.s-1 were 
conduct to collect elastic modulus data. In 90µm×90µm areas two grids of 4×4 
indentations per sample were acquired by applying trigger force of 20-40 nN which 
resulted in 10-17µm of indentation. The first 10 µm of the force-indentation curves were  
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fitted to a non-adhesive quasi-static contact model for a canonical indenter with a 
spherical tip that features continuous curvature at the transition point72.  
 
7.3 Results and Discussions 
            Incorporation of DNA crosslinkers into the GelMa allows for reversible stiffening 
and softening of the hydrogel. This is accomplished through DNA mechanism called 
“toehold mediated strand displacement”233. The DNA crosslinks which make the gel 
stiffer can be removed by introduction a displacement strand. The crosslinking strand 
includes a single stranded region of DNA (toehold) which allows for the displacement 
strand, which is fully complementary to the crosslinking strand, to invade crosslinking  
Figure 7.1: Elastic moduli results for different concentrations of DNA-strands. GelMa 
hydrogel elastic moduli were enhanced by the crosslinking DNA strands.  
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duplex and removing it.   
            Two independent experiments were performed with four replica per group per 
experiment. The Elastic moduli results represent the averages ± standard deviation of 
two experiments. The average Elastic moduli of each experiment is obtained from the 
average of four replica per group. For the elastic moduli kin 
            Figure 7.1 demonstrates the elastic moduli results for GelMa samples crosslinked 
by different concentrations of DNA strands. The 0 µM represents the control samples of 
GelMa without any DNA modification. The control group has elastic moduli of 0.47±0.01 
kPa. The DNA-modified GelMa samples resulted in higher elastic moduli with its peak at  
10 µM with a stiffness value of 0.89±0.06 kPa. The 10 µM DNA enhanced the elastic  
Figure 7.2: Elastic moduli kinetics for two cycles of softening and stiffening processes. 
Three GelMa samples crosslinked with 10 µM DNA strands were measured over 36 
hours.  
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moduli of the matrix compared to the control samples by a factor of 1.83±0.07 which is 
comparable reported stiffness enhancement in other studies131. The stiffness decreases 
from 10 to 20 µM of DNA concentration. Due to the high concentration of DNA, some 
strands interact with themselves and this process reduces the overall number of DNA 
crosslinks for 20 µM DNA samples. The new novel hydrogel model provides an easy 
method to enhance the elastic moduli of the hydrogel matrix. While other methods have 
incorporated the DNA strand in hydrogel tissue engineering, they consist of adding the 
DNA strand after the gel was polymerized. In our DNA-based hydrogel, the GelMa is 
polymerized with different concentrations of DNA strands. 
           In order to study the elastic moduli kinetics of the DNA-based model we measured 
the elastic moduli of the same 10 µM samples over time while they were treated by 
softening and stiffening processes. We studied two consecutive cycles of softening and 
stiffening. First, the initial elastic moduli of the 10 µM samples were measured. Later, 
the buffer on the samples were taken out and the samples surface were covered by 60 µL 
of the displacement DNA (at 1 mM concentration) and incubated at 37°. In each cycle the 
elastic moduli were measured within 6 hours of softening following by 12 hours of 
stiffening process (Fig. 7.2). For the measurements during the softening and stiffening 
processes the DNA was collected before each measurement and the same DNA solution 
was added to the samples after the measurement was completed and the samples were 
incubated at 37° again.  Figure 7.2 represents results of elastic moduli measured over 36 
hours. The control samples for this experiment had elastic moduli of 0.40±0.01 kPa. The 
10 µM samples had an initial elastic modulus of 0.74±0.08 kPa and it reached a value of 
0.40±0.03 kPa after 6 hours of being treated with displacement DNA. After 12 hours of 
complementary DNA treatment the elastic moduli were recovered to 0.66±0.09 kPa. The 
second cycle of softening and stiffening processes resulted in the soft and stiff elastic 
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moduli of 0.40±0.03 kPa and 0.63±0.10 kPa. The ratio of the final elastic moduli after 
two cycles to the initial elastic moduli of the 10 µM samples was 0.9±0.2. Previous DNA-
based models lack a method to reverse the stiffness enhancement which is compatible 
with 3D cell cultures. The proposed DNA-based hydrogel model utilized displacement 
DNA strands which attach to the crosslinking DNA strands and detach them from the 
hydrogel. 
 
7.4 Conclusions 
 
            We proposed a novel 3D DNA-based hydrogel model with tunable. The changes in 
the mechanical properties of the hydrogels were quantified by AFM based indentations. 
Our results demonstrated that the elastic moduli of the hydrogels can be enhanced by 
introducing the crosslinking DNA strands. The elastic moduli can be reduced to the 
control values by means of displacement DNA strands which detach the crosslinking 
DNA strands from the hydrogel. The elastic moduli of the hydrogel samples were 
successfully reduced and enhanced by two consecutive cycles of DNA-based softening 
and stiffening. The proposed novel DNA-based hydrogel has applications in 3D cell 
culture with dynamic ECM mechanics as well as stem cell studies. 
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8. Conclusions and Outlooks 
 
            This dissertation has provided several new methods to analyze mechanical 
properties of cells and soft tissues and applied them to novel 3D tissue models. §3 
introduced an elastic contact model to analyze force-indentation curves obtained by 
spherical AFM indenters and demonstrated the accuracy and applications of the model 
on hydrogels and cells. §4 examined a novel contact model to study heterogeneity of soft 
layered samples with elasticity mismatch. A novel method combining AFM based 
indentations and confocal reflectance microscopy along with a 3D microengineered 
breast cancer model was performed in §5 and §6 to investigate the metastatic invasion of 
breast cancer cells into the ECM and the effect of the anti-fibrosis drugs on the cancer 
metastatic invasion of tissues. §7 presented a novel DNA-based hydrogel model with 
tunable stiffness in a reversible fashion. 
            Spherical AFM indenters are commonly used to indent soft biological samples. 
However, the literature lacks an accurate contact model to analyze raw data from such 
experiments. The Expansion model, as an accurate contact model for mechanical studies 
by spherical indenters up to the radius of the probe, was introduced to address this 
shortcoming. The Expansion model geometry is a two term Taylor approximation of the 
sphere geometry. The Expansion model force-indentation and contact radius equations 
have simple form of two term polynomial which makes the model suitable for elastic and 
viscoelastic quantifications. In the case of indentations on homogeneous hydrogels the 
Expansion model provided more homogeneous results, whereas the Hertz model 
underestimated the stiffness. The precision and simplicity of the Expansion model made 
it a perfect candidate to analyze raw data of elastic and viscoelastic indentations by 
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spherical indenters. Therefore, we anticipate many labs will incorporate the new model 
in their data analysis to enhance the accuracy of their results. 
            Cells live in 3D microenvironment of tissues; therefore, it is crucial to perform 
measurements in such environments. Due to the complexity of tissue cultures, 3D 
microengineered models based on hydrogels were introduced. The ECM was fabricated 
with collagen I and CAFs to mimic the biological and biophysical features of tissues, and 
with cancer cells seeded in arrays of microwells to mimic the cancer tumors. Invading 
cancer cells release chemical cues in the microenvironment which CAFs adsorb them. 
Later, CAFs deposit collagen and remodel the ECM which increase the matrix stiffness, 
resulting in the enhanced cancer invasion rate. The crosstalk between cancer and 
stromal cells is crucial for the invasive stage of cancer. Moreover, we studied the effect of 
anti-cancer and anti-fibrosis drugs on cancer tumor invasion. Within our hydrogel 
model, we observed that the combination of two drugs has the most effect on reduction 
of cancer invasion, which indicates the cancer-stromal cells crosstalk needs to be 
accounted for cancer treatments. 
            The current tissue models have the limitation that once the samples are made it is 
challenging to change the ECM stiffness. We developed a novel DNA-based hydrogel 
model in which the ECM stiffness can be tuned in a reversible manner by adding 
complementary and displacement DNA strands. The hydrogels are fabricated with the 
desired concentration of the crosslinker DNA with enhanced stiffness. The stiffness can 
be reduced by introducing the displacement DNA strands which binds the crosslinker 
strands and detach them from the hydrogel. The ECM stiffness can be recovered by 
adding complementary DNA strands to the hydrogel. 
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            The biophysical methods presented here raise the possibility of future advances. A 
modification of the contact model explained in chapter §3 for measurements on samples 
with finite thickness can be the scope of an investigation. The cancer tumor cells 
mechanics can be studied, during the invasion into the ECM, by AFM techniques and the 
3D microengineered model presented in §4 and §5. 
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Figure S1: Nominal force-indentation curve measured by spherical probe (R=2.7 µm). 
The read part is extension curve and the blue part is retraction. Probe moves toward 
sample from above with velocity of 2 µm/s and becomes in touch with the sample at 
contact point (region i). Probe indents trough the sample up to 2.7 µm (region ii). Probe 
retracts from sample and moves away from surface (region iii). To obtain Young’s 
modulus region (ii) is fitted with quasi-static models. 
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Figure S2: Hydrodynamic drag force constant and dynamic frequency sweep raw data. 
(A) Shows the real and imaginary parts of oscillatory respond of probe 
(𝐹L«f,ã2j(𝜔) 𝛿L«f,ã2j(𝜔)⁄  ) in liquid 1µm above sample. The real part is negligible 
compared to the imaginary part, and the imaginary part is linear in frequency. Drag force 
constant at 1 µm above the sample surface can be obtain from the slope of the imaginary 
part graph (red). (B) Drag force constant at different heights above sample. 
Experimental hydrodynamic drag force data (red) are fitted to 𝑏(ℎ) =6𝜋𝜂𝑎=qq& äℎ + ℎ=qqåæ +𝑏ç(black line). Drag force constant at the contact point is 
obtained by extrapolating h to zero in the previous equation. (C) Shows force response of 
50 nm displacement oscillation at different frequencies. (D) Force and indentation 
curves have phase lag. Force and indentation amplitudes, phase lag, with dynamic 
Expansion model are used to determine shear storage and loss moduli. (E) Shows force 
response of 50nm displacement oscillation at different frequencies. 
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Figure S3: Effect of finite thickness of the MDA-MB-231 cells on the Young’s moduli. 
Black curve shows the elastic moduli obtained by the two-layer model for stiff substrate 
and cells with an average height of 15 µm. Red curve shows the Young’s moduli of MDA-
MB-231 cells analyzed by the Hertz model. Blue carve represents the Young’s moduli 
obtained by the Expansion model. 
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APPENDIX B 
DYNAMIC FREQUENCY SWEEP EQUATIONS FOR A SPHERECONICAL INDENTER 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
123 
 
 
            The quasi-static F-δ equation for a sphereconical indenter is given by72 (𝑏 =𝑅 cos 𝜃). For a<b (𝛿 < 1.7025𝑅 with θ=18.8°) we have 
                                                          𝛿(𝑎 ≤ 𝑏) = @& 𝑎ln >u>                                                         (S1) 
                                     𝐹(𝑎 ≤ 𝑏) = 	 w(@ux\) @& (𝑎& + 𝑅&)ln >u> − 𝑎𝑅                                     (S2) 
For a>b (𝛿 > 1.7025𝑅 with θ=18.8°) we have 
                                𝛿(𝑎 > 𝑏) = 𝑎ln  >√\uN\√>\uN\ + 𝑎 cosu@ N> cot 𝜃                               (S3) 𝐹(𝑎 > 𝑏) = w(@ux\) 𝑎& cot 𝜃 cosu@ N> + 𝑏 cot 𝜃√𝑎& − 𝑏& − 𝑎𝑅 + (𝑅& − 𝑏&)(𝑎& − 𝑏&) +																											𝑎& ln  >√\uN\√>\uN\ − \& ln >\\uN\u(\uN\)(>\uN\)\N\(>)\                            (S4) 
Here we assume that the indentation, force, and contact radius have quasi-static and 
dynamic parts 
                                                                      𝛿 = 𝛿4 + 𝛿!                                                               (S5) 
                                                                      𝐹 = 𝐹4 + 𝐹!                                                               (S6) 
                                                                      𝑎 = 𝑎4 + 𝑎!                                                               (S7) 
Next, for a>b we write the oscillatory part of contact radius in term of oscillatory 
indentation with the assumption that 
                                                                         " ≪ 1                                                                     (S8) 
                                                                         >"> ≪ 1                                                                     (S9) 
Keeping the terms on the right side of the Eq. S3 up to 𝑎! 𝑎4⁄  we have 
                𝛿4 + 𝛿! = (𝑎4 + 𝑎!)ln ¸ >>"√\uN\(>>")\uN\¹ + 𝑎 cosu@  N>>" cot 𝜃              (S10) 
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𝛿4 + 𝛿! = 𝛿4 + >"> #𝑎4ln ¸ >√\uN\>\uN\¹ + 𝑎4 cosu@  N> cot 𝜃 + >N  >\uN\ +																																			 >\(>)>\uN\ × Õ(>\uN\)(\uN\)u>uN\√\uN\>\uN\ $+ 𝑂 Ü>">&Ý                            (S11) 
																			𝛿! = 𝑎! %> + N  >\uN\ + >(>)>\uN\ × Õ(>\uN\)(\uN\)u>uN\√\uN\>\uN\ $                    (S12) 
The result is  
                                                                      𝑎! = "&                                                                     (S13) 
where 𝛾 is given by 
                         𝛾 ≡ > + N  >\uN\ + >(>)>\uN\ × Õ(>\uN\)(\uN\)u>uN\√\uN\>\uN\                          (S14) 
The force equation for a sphereconical indenter is given by 
𝐹 = w(@ux\) 𝑎𝛿 − 𝑎𝑅 + 𝑏𝑐𝑜𝑡𝜃 + (𝑅& − 𝑏&)√𝑎& − 𝑏& −																																																																\& ln >\\uN\u(\uN\)(>\uN\)\N\(>)\ 	                                 (S15) 
We substitute the oscillatory and quasi-static force, indentation, and contact radius parts 
and assume terms with higher order of ratio of oscillatory to quasi-static part are 
negligible 
𝐹4 + 𝐹! = w∗(@ux\) (𝑎4 + 𝑎!)(𝛿4 + 𝛿!) − (𝑎4 + 𝑎!)𝑅 + 𝑏𝑐𝑜𝑡𝜃 +												(𝑅& − 𝑏&)(𝑎4 + 𝑎!)& − 𝑏& − \& ln (>>")\\uN\u(\uN\)((>>")\uN\)\N\(>>")\  (S16) 
By means of Eq. S13 we have 
𝐹4 + 𝐹! = 𝐹4 + w∗(@ux\) %𝑎4𝛿! + & 𝛿! − & 𝛿! + "& +>äNfLK√\uN\å>\uN\ + \> 	−
																																																													 \>Å@Õ â\·Ê\°\·Ê\	Æ&Õ(\uN\)ä>\uN\å\u&N\>\,$+ 𝑜 Ü>">&Ý																			        (S17) 
The oscillatory force and indentation are related by 
                                                           𝐹! = w∗@u¨\ × 𝐶 × 𝛿!                                                           (S18) 
where C is given by 
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           𝐶 ≡ 𝑎4 + @& +𝛿4 − 𝑅 + >äNfLK√\uN\å>\uN\ + \> − \>Å@Õ â\·Ê\°\·Ê\	Æ&Õ(\uN\)ä>\uN\å\u&N\>\,         (S19) 
One can show that the Eq. S19 can be written in a simple form of  
                                                                      𝐶 = 2𝑎4                                                                   (S20) 
By substituting Eq. S20 to Eq. S18 and writing E in terms of complex shear modulus 
(𝐸∗ = 2(1 + 𝑣)𝐺∗) we have 
                                                  𝐺<=y=fL=∗ = ¸ @u¨'>,ý³´µ¶µk­®µ¹ ©""                                                (S21) 
Note that Eq. S20 has the same form as the complex shear modulus of a conical indenter 
(Eq. S21). 
                                                        𝐺Lf>∗ = ¸ @u¨'>,.­®¯k°±¹ ©""                                                     (S22) 
 However, the contact radius presented in Eq. S21 has to be calculated from  
                                   𝛿4 = 𝑎4ln/ >√\uN\Õ>\uN\0+ 𝑎4 cosu@  N> cot 𝜃                               (S23) 
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APPENDIX C 
MATLAB PROGRAMS FOR VISCOELASTIC RAW DATA ANALYSIS  
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Expansion model 
function  
[E,LossTangent,G',G'',phaselag,indentation]=fc_dynamics(Curve, ws) 
% ws=2*pi*fs, fs contains the frequencies.  
% Enter fs as an input. 
 
% First analyze static part 
static = fc; 
static.ext = fc.ext(1:fc.index1,:); 
contact = manual(static,100); 
indentation = max_indentation(static,contact); 
E = dd_fit(curve, contact, r, theta, nu, binning, type, min_ind, max_ind); 
G' = []; 
G'’ = []; 
LossTangent= []; 
phaselag = []; 
  
% Sampling rate 
sr = 2000; 
  
% Build up the data 
zsens = [fc.zsens_defl_ext(:,1); flipud(fc.zsens_defl_ret(:,1))]; 
ind = [fc.ext(:,1); flipud(fc.ret(:,1))]; 
defl = [fc.zsens_defl_ext(:,2); flipud(fc.zsens_defl_ret(:,2))]; 
f = [fc.ext(:,2); flipud(fc.ret(:,2))]; 
  
% Truncate for only oscillation part 
zsens = zsens(fc.index1:fc.index2,:); 
ind = ind(fc.index1:fc.index2,:); 
defl = defl(fc.index1:fc.index2,:); 
f = f(fc.index1:fc.index2,:); 
time = (1:length(zsens))/sr; 
  
% Loop over frequencies 
for w=ws 
    % Choose which frequency to use here 
    figure(231) 
    plotyy(time,ind,time,f*1e9) 
    % Choose the oscillation part of the curve 
    close; 
    plot(time,zsens,'-','color','red'); 
    xlabel('Time [s]') 
    ylabel('Z-sensor [m]') 
    title(['Choose frequency ' num2str(w/(2*pi))]) 
    % title('Click on the beginning and end of oscillation') 
    [t1,~]=ginput(1); 
    [t2,~]=ginput(1); 
    close; 
    i1=floor(min(t1,t2) * sr); 
    i2=floor(max(t1,t2) * sr); 
     
    % Multiply everything by 1e9 for better numerics 
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    z_osc = zsens(i1:i2)*1e9; 
    f_osc = f(i1:i2) * 1e9; 
    t_osc = time(i1:i2); 
    d_osc = ind(i1:i2) * 1e9; 
    defl_osc = defl(i1:i2)*1e9; 
     
    % First fit the z-piezo for the frequency w 
    % mid_z = min(z_osc) + (max(z_osc) - min(z_osc))/2; 
    % plot(t_osc', z_osc-mid_z); 
    % zf = fit(t_osc', z_osc-mid_z,'sin1'); 
    % w = zf.b1; 
    % % Plot the z-piezo... 
    % figure(1); 
    % plot(t_osc', z_osc-mid_z, t_osc', 
zf.a1.*sin(zf.b1.*t_osc+zf.c1)); 
    % xlabel('Time [s]') 
    % ylabel('Z-sensor [nm]') 
     
    % Next fit d and f with known w 
    fn = @(p, d) p(3) + p(1) .* sin(d.*w + p(2)); 
    % p(1) is amplitude, p(2) is phase, p(3) is some offset 
    max_d = max(d_osc); 
    mid_d = min(d_osc) + (max(d_osc) - min(d_osc))/2; 
    max_f = max(f_osc); 
    mid_f = min(f_osc) + (max(f_osc) - min(f_osc))/2; 
    max_z = max(z_osc); 
    mid_z = min(z_osc) + (max(z_osc) - min(z_osc))/2; 
    df = lsqcurvefit(fn, [max_d-mid_d 0 mid_d], t_osc', d_osc, ... 
        [0 -pi -Inf], [Inf pi Inf], optimset('Display','off')); 
    ff = lsqcurvefit(fn, [max_f-mid_f 0 mid_f], t_osc', f_osc, ... 
        [0 -pi -Inf], [Inf pi Inf], optimset('Display','off')); 
    zf = lsqcurvefit(fn, [max_z-mid_z 0 mid_z], t_osc', z_osc, ... 
        [0 -pi -Inf], [Inf pi Inf], optimset('Display','off')); 
        
    % Calculate phase difference 
    %phi = abs(df(2)-ff(2)); 
    phi = ff(2) - df(2); 
    fbar = ff(1) * 1e-9; 
    dbar = df(1) * 1e-9; 
     
    % Optional: plot the fits 
%     figure(2) 
     %plot(t_osc, d_osc, t_osc, fn(df, t_osc)); 
     %xlabel('Time [s]') 
     %ylabel('Indentation [nm]') 
%     figure(3) 
%     plot(t_osc, f_osc, t_osc, fn(ff, t_osc)); 
%     xlabel('Time [s]') 
%     ylabel('Force [nN]') 
%     figure(4) 
%     plotyy(t_osc, fn(df, t_osc), t_osc, fn(ff, t_osc)) 
%     xlabel('Time [s]') 
%     ylabel('Indentation [nm]') 
%     figure(5) 
%     plotyy(t_osc, fn(zf, t_osc), t_osc, fn(ff, t_osc)) 
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%     xlabel('Time [s]') 
%     ylabel('Z-sensor [nm]') 
     
   G' = [G’ ((1-v)/(4*sqrt(indentation*R)*(1-
indentation/4*R)))*(fbar/dbar)*cos(phi)]; 
   G'' = [G’’ ((1-v)/(4*sqrt(indentation*R)*(1-
indentation/4*R)))*((fbar/dbar)*sin(phi)-b(h=0)*w)]; 
   LT = [LT  G''/G']; 
    
% Enter the Poisson’s ratio (v) and the Radius of indenter (R) as 
inputs. 
% Enter the hydro dynamic dragforce constact at contact b(h=0) as an 
input. 
        
     phaselag = [phaselag phi]; 
      
end 
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Sphere-cone indenter 
function [E,G’, G’’,LossTangent, 
phaselag,indentation,a]=fc_dynamics_Spherecone (curve,half angle,R,ws) 
 
% ws=2*pi*fs, fs contains the frequencies.  
% Enter fs as an input. 
% Enter the phere-cone probe half angle as an input. 
% Enter sphere-cone probe radius R as an input. 
 
% First analyze static part 
 fc = correct_virtual_deflection(fcs) 
  
static = fc; 
static.ext = fc.ext(1:fc.index1,:); 
contact = manual(static,100); 
indentation = real(max_indentation(static,contact)); 
E = dd_fit(curve, contact, r, theta, nu, binning, type, min_ind, max_ind); 
G’ = []; 
G’’ = []; 
LossTangent= [] ; 
phaselag = []; 
  
% Sampling rate 
sr = 2000; 
  
% Build up the data 
zsens = [fc.zsens_defl_ext(:,1); flipud(fc.zsens_defl_ret(:,1))]; 
ind = [fc.ext(:,1); flipud(fc.ret(:,1))]; 
defl = [fc.zsens_defl_ext(:,2); flipud(fc.zsens_defl_ret(:,2))]; 
f = [fc.ext(:,2); flipud(fc.ret(:,2))]; 
  
% Truncate for only oscillation part 
zsens = zsens(fc.index1:fc.index2,:); 
ind = ind(fc.index1:fc.index2,:); 
defl = defl(fc.index1:fc.index2,:); 
f = f(fc.index1:fc.index2,:); 
time = (1:length(zsens))/sr; 
  
% Loop over frequencies 
for w=ws 
    % Choose which frequency to use here 
    figure(231) 
    plotyy(time,ind,time,f*1e9) 
    % Choose the oscillation part of the curve 
    close; 
    plot(time,zsens,'-','color','red'); 
    xlabel('Time [s]') 
    ylabel('Z-sensor [m]') 
    title(['Choose frequency ' num2str(w/(2*pi))]) 
    % title('Click on the beginning and end of oscillation') 
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    [t1,~]=ginput(1); 
    [t2,~]=ginput(1); 
    close; 
    i1=floor(min(t1,t2) * sr); 
    i2=floor(max(t1,t2) * sr); 
     
    % Multiply everything by 1e9 for better numerics 
    z_osc = zsens(i1:i2)*1e9; 
    f_osc = f(i1:i2) * 1e9; 
    t_osc = time(i1:i2); 
    d_osc = ind(i1:i2) * 1e9; 
    defl_osc = defl(i1:i2)*1e9; 
     
     
    % First fit the z-piezo for the frequency w 
    % mid_z = min(z_osc) + (max(z_osc) - min(z_osc))/2; 
    % plot(t_osc', z_osc-mid_z); 
    % zf = fit(t_osc', z_osc-mid_z,'sin1'); 
    % w = zf.b1; 
    % % Plot the z-piezo... 
    % figure(1); 
    % plot(t_osc', z_osc-mid_z, t_osc', 
zf.a1.*sin(zf.b1.*t_osc+zf.c1)); 
    % xlabel('Time [s]') 
    % ylabel('Z-sensor [nm]') 
     
    % Next fit d and f with known w 
    fn = @(p, d) p(3) + p(1) .* sin(d.*w + p(2)); 
    % p(1) is amplitude, p(2) is phase, p(3) is some offset 
    max_d = max(d_osc); 
    mid_d = min(d_osc) + (max(d_osc) - min(d_osc))/2; 
    max_f = max(f_osc); 
    mid_f = min(f_osc) + (max(f_osc) - min(f_osc))/2; 
    max_z = max(z_osc); 
    mid_z = min(z_osc) + (max(z_osc) - min(z_osc))/2; 
    df = lsqcurvefit(fn, [max_d-mid_d 0 mid_d], t_osc', d_osc, ... 
        [0 -pi -Inf], [Inf pi Inf], optimset('Display','off')); 
    ff = lsqcurvefit(fn, [max_f-mid_f 0 mid_f], t_osc', f_osc, ... 
        [0 -pi -Inf], [Inf pi Inf], optimset('Display','off')); 
    zf = lsqcurvefit(fn, [max_z-mid_z 0 mid_z], t_osc', z_osc, ... 
        [0 -pi -Inf], [Inf pi Inf], optimset('Display','off')); 
         
    % Calculate phase difference 
    %phi = abs(df(2)-ff(2)); 
    phi = ff(2) - df(2); 
    fbar = ff(1) * 1e-9; 
    dbar = df(1) * 1e-9; 
     
% Calculate contact radius a 
    b=R*cos(theta); 
    syms x; 
    eqn=x*log((R+x)/(sqrt(R^2-b^2)+sqrt(x^2-
b^2)))+x*acos(b/x)*cot(theta)==indentation ; 
    a=real(solve(eqn,x)); 
    a=double(a); 
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    % Optional: plot the fits 
%     figure(2) 
     %plot(t_osc, d_osc, t_osc, fn(df, t_osc)); 
     %xlabel('Time [s]') 
     %ylabel('Indentation [nm]') 
%     figure(3) 
%     plot(t_osc, f_osc, t_osc, fn(ff, t_osc)); 
%     xlabel('Time [s]') 
%     ylabel('Force [nN]') 
%     figure(4) 
%     plotyy(t_osc, fn(df, t_osc), t_osc, fn(ff, t_osc)) 
%     xlabel('Time [s]') 
%     ylabel('Indentation [nm]') 
%     figure(5) 
%     plotyy(t_osc, fn(zf, t_osc), t_osc, fn(ff, t_osc)) 
%     xlabel('Time [s]') 
%     ylabel('Z-sensor [nm]') 
  
     G’ = [G’ ((1-v)/(4*a))*((fbar/dbar)*cos(phi))]; 
     G’’ = [G’’ ((1-v)/(4*a))*((fbar/dbar)*sin(phi)-b(h=0)*w)]; 
 
% Enter Poisson’s ratio v and hydro dynamic drag force constant b(h=0) 
as inputs. 
% Enter the hydro dynamic dragforce constact at contact b(h=0) as an 
input. 
 
      
   LT = [LT  G’’/G’]; 
     
     phaselag = [phaselag phi]; 
 
end 
 
